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Abstract.
This thesis looks directly into the controversial subject of the microwave field effect by the
production of a versatile prototype isothermal microwave reactor for the investigation of enzymatic
and microbiological reactions. The observed results from the prototype reactor and experiments
conducted conclude that there is a nonthermal, nonlinear response between the exposure microwave
power and rate and yield of cellulose saccharification. The nature of the nonthermal response is
controversial and may be dependent on the definition of "nonthermal," leading to ambiguity of exact
mechanism.
Enzymatic and microbial conversion of cellulosic material to ethanol is a highly desirable industrial
process. Whether the demand is for the mitigation of climate change, political obligations or energy
independence, the use of arable land for energy crops limits the available glucose carbon sources for
conversion to bioproducts. To prevent this limitation, cellulose (~-1 A-linked glucose polymers) are
touted as the "silver bullet" to prevent carbon exhaustion or impinging on food crops.
The technical constraint for the industrialization of cellulose based processing is the rate limitation in
the cellulase enzymatic action on cellulose. The enzyme rate is limited by feedback cycles and
limited mechanical freedom, therefore a relatively high enzyme concentration is required to speed up
the process. To date, the associated enzyme production costs and infrastructure prevents bulk volume
exploitation. Biomolecular advances (amino acid substitutions, recombination of expression vectors
etc) have gone some way to increase either enzymatic rate or enzyme concentration. The work
presented in this thesis differs by increasing the rate of the enzyme without molecular modification.
Using a microwave field, the work presented shows that by separating the system into its base units,
irradiation of the enzyme/substrate complex in an aqueous environment can increase both the initial
enzyme rate and the saccharification yield without alteration of the temperature set point. This study
shows that the rate increase is not proportional to the microwave field power. An optimal power in
each study is either found or suggested. The results cited show that in the three systems
(Endoglucanase and cellobiohydrolase with cellulose, endoglucanase and cellobiohydrolase and ~-
glucosidase with cellulose, and p-glucosidase with cellobiose) the initial rates can be increased by
201 %, 65.5% and 69% respectively. In the total hydrolytic process (endoglucanase and
cellobiohydrolase and ~-glucosidase on a cellulose substrate) the final glucose yield was increased by
43% in comparison to the conventional thermal control reaction. This is shown in Figure 1.
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Figure 1. Microwave irradiated "cellulase" enzymes with cellulose substrate
For development into an industrial system and looking towards simultaneous saccharification and
fermentation (SSF), the yeast Saccharomyces cerevisiae was subjected to irradiated microwave
fermentations on a glucose substrate. Although inconclusive in terms of rate increase, cell density
was comparable across the power range showing that the irradiation does not have a derogatory effect.
The natural evolution of the conclusions drawn would be development of the system into a SSF or
SSCF configuration for bio-product formation is possible with irradiation up to SOW.
The novelty of the experiments conducted is twofold. Firstly, the reactor has been designed to ensure
that the microwave irradiation is independent of the bulk temperature therefore allowing the
exploration of the microwave field effect independently to the thermal effect. Secondly, the
microwave source is a continuous microwave irradiation (none pulse irradiation) ensuring that the
reaction is subjected to the microwave field for the entire reaction.
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1.1. Defining the problem
The problem being addressed in this research project is the need for preparation technologies
for combustible liquid fuels (bio-alcohols) from renewable sources, using lower grade biomass
that is not suitable as food crops. The carbon sources being considered are energy crops, such
as grasses and short rotation herbaceous crops on set-aside land' and land unsuitable for foods
crops [1-4]. The current limitations in the conversion of lignocellulosic plant biomass through
to liquid biofuels are:
1. Delignification - removal of phenolic polymers (see page 21)
2. Enzymatic catalysis is seen as the route to cellulose hydrolysis but it needs
a. Improvement of efficiency
b. Coupling to the fermentation proces
3. Technology scaling feasibility and cost
1) Delignification is problematic due to the protective lignin fraction of the biomass causing
steric hindrance to enzymatic digestion. Many different and varied chemical and physio-
chemical delignification processes have been developed or are currently under development
(for an overview, see Alvira et. al.,[S], Balat et. aL.,[2] and Godfrey [6]). As the industrial
delignification process is mainly physical or non-biological, it is considered to be outside the
scope of this study.
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I Land left fallow between crop rotations from soil recovery.
2) Enzymatic catalysis is accepted as the most efficient hydrolytic process for the conversion
of cellulose and hemicellulose fibres to glucose and other monosaccharides. The difficulty in
processing occurs with multiple end product and intermediate product feedback systems which
retard the catalytic rate. This has led to long reaction residence times, yield limitations, and
mismatching of rates in combined saccharification and fermentation. Many different
(predominantly molecular biology based) approaches have been taken to increase the catalytic
rate through modification of the enzymes being used, or the expression of enzyme in higher
concentration to reduce enzyme production cost [2, 7, 8].
As enzymatic hydrolysis precedes the fermentation process, the two processes are coupled and
it is necessary to assure the prevention of saccharide loss due to microbial contamination
(opportunistic colonisation). Thus, modifications of the hydrolytic process are required to be
compatible with the fermentation process to reduce processing restraints.
3) Feasibility is the final consideration. For technology adoption, the cost associated with the
current process compared to the cost of the new process developed in this study has to be
favourable. The current process is cost dependent on the enzyme for hydrolysis and facilities
cost. Any processes developed that can be retrofitted to a current system, developed quickly
and cheaply to a commercial scale (scalable through either scale up or scale out) have benefit
to the end user. For this study, the importance of economic feasibility is acknowledged,
although largely outside of the technical scope of this thesis. For detail on cost economics,
reviews by Avinash Kumar (2007), An et. al., (2011), and Escobar (2009) [9-11]
1.2. The proposed solution
The technology being developed in this study involves;
I) The design of a novel microwave reactor on a 1·2litre scale, capable of continuously
irradiating liquid reactions at varying microwave powers, under thermally steady
state conditions (isolation of the microwave effect from the thermal effect).
Optimisation of its operation with the aim to maximise to use of the microwave field.
2) Increasing the rate of the enzymatic rate digestion of ceUulosic materials to
monomeric saccharides. The hydrolytic rate increases with temperature until
thermal denaturing of the enzyme where the protein loses its tertiary structure and
loses function. Using microwave irradiation under isothermal conditions, the etTect
of microwaves on the hydrolytic rate can be investigated in isolation from the
temperature effect.
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3) The consolidation of fermentation and catalysis into a single unit operation is a
major factor in the streamlining of the process pathway. If the enzyme is irradiated
in the presence of a ethanogen, how will the ethanogen respond?
The aim of using these methods is to potentially alleviate the choke point caused by
hydrolysis. This will be done by microwave irradiation of the enzyme system with frequency,
power and electromagnetic (EM) wave propagation (the "mode") as variables. Microwave
radiation is known to accelerate chemical reactions and enzymes in non-aqueous
environments, therefore it was considered worthy of investigation within the organic system.
As consolidation of hydrolysis and fermentation is the natural processing progression, the
effects of irradiation will be examined on a fermentation system.
1.3. Thesis chapters.
Chapter 1 - Introduction, introduces the notion of a problem that requires a technical
solution with a high degree of innovative and novel approaches, a proposed solution to the
problem and the structure of the thesis in which the technology developed is explained.
In Chapter 2 - Background, an investigation of microwave technologies and explanation the
mechanisms of cellulose breakdown is described in detail.
The research is divided into two sections;
1) Microwave technology and the effects observed in chemicaUbiochemical processing
2) Biochemistry and biotechnology of cellulose hydrolysis and fermentation to ethanol
rich media.
The main subject areas covered are;
1) What is the biofuel need?
2) What is cellulose and why ferment it?
3) Understanding cellulases - a prerequisite to optimisation
4) Fermentation practices
5) The microwave effect
6) Previous microwave enhanced reactions
Chapter 3 - Materials and methods introduces the methods used in both the literature and
practical studies. The first section of the chapter details the research methods used for
literature searching, data mining and software based processing. This includes reference
evaluation, citing peer texts, reference database compilation, interactions with academic and
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industrial leaders, the use of standard reporting software and the use of bespoke modelling
software.
The middle section of Chapter 3 describes the process taken in the development of the
microwave bioreactor, its design, fabrication and operation for isothermal conditions. It also
includes sampling methods and process developments that are applicable across all the
reactions undertaken in the reactor.
The final section to Chapter 3 describes the materials and methods, equipment, reagents and
experimental protocols. The methods section is divided into subsections: the methods for the
sample analysis; and a description of each experiment (including negative controls) and their
significance to the overall study.
Chapter 4 - Results and critical analysis looks at the performance of the microwave reactor
and the results for both the catalysis and fermentation experiments. As the reactor is of a new
and novel design, reactor testing is evaluated for the ability to maintain isothermal conditions,
design limitations and microwave performance. For catalysis and fermentation, each data set
has been analysed in accordance to its own negative control.
For catalysis (where applicable), there has been a comparison of results against relevant data
sets from other experimental groups. In each catalysis experiment. the data have been
analysed by two analyte profiles and two metrics (initial rate and yield). As glucose is the
desired product, glucose is the primary product of interest. Where applicable, cellobiose
formation has been quantified for ~-glucosidase (BGL) activity. Percentage saccharification
to show how much of the original material has been saccharified into the range of mono to
tetrasaccharide has been used to show total process progression through initial rate and total
yield in each experiment.
For fermentation, microwave irradiation has been compared to the thermal negative control by
glucose uptake, ethanol production and cell density.
As each experiment requires substantial quantification and analysis, each experiment IS
summarised and concluded individually. Complete representations of the highlighted graphs
are shown in the appendices.
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Chapter 5 - Conclusions summarises the thesis. Due the multiple aspects of the project in
previous chapters, this chapter is split into the three research themes that run throughout the
thesis.
1) The production of a microwave bioreactor with independent thermal and microwave
controls.
2) The effects of microwaves on the hydrolysis of a cellulose substrate by "cellulase"
enzymes.
3) The irradiation of a eukaryotic fermentation under 12 to 50W resulted in a subtle
alteration of fermentation progress, with slight retardation of microbial growth in
comparison to the thermal negative control.
The three themes are evaluated by the criteria of:
I) Critical evaluation
2) "Blue skies" research
3) Real World research
- attaining the research object; novelty or inventive step
- relationship to scientific significance
- industrial relevance
The fourth criterion of evaluation is the potential development, and potential lead-on work
from this research. This is discussed within the evaluation points 1 to 3.
The conclusions chapter is a summary and analysis of the key scientific contributions to
knowledge. As proven within the methods and results section, a novel microwave reactor that
is capable of operating isothermally and static microwave power set points and thus capable of
isolating the thermal and microwave field effects on catalysis and fermentation, has been
designed, developed and operated. Using this reactor it has been proven that the increase in
initial rates and yield observed in the industrially important cellulase catalysed reactions can
be achieved by microwave irradiation without the genetic modification of the protein
structure. The implication of this research supporting the "microwave effect" is discussed.
The results of varying microwave power at constant temperature are novel. The greatest effect
occurred at lower powers with decline as power increased, dropping the rate to below the
negative control (no microwave power). A number of possible explanations are hypothesised
for future study. The process studied is critiqued in terms of how far the conclusions drawn
can be applied to other systems, and the implications of a quantifiable microwave field on
organic systems.
The final section of the conclusion highlights the importance of the work to both the biofuels
and pharmaceutical industries and the work that can and will be built upon these findings.
Postscripts to the thesis are the bibliography and appendices. The bibliography is compiled by
the standard formats and covers the thesis text. As the there has been a considerable amount
6
of data and research generated over the course of the PhD, materials that are relevant to the
understanding of the study although not considered core to thesis are compiled in the
appendix. This material includes expansion on background research sections, complete
protocols against which the materials and methods section was developed, further detailed
pictorial representations of the bioreactor from various observation angles, expanded graphs
from those used in Chapter 4 and additional tables and figures.
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2.1. The need for biofuels
The global drivers for the substitution, or supplementation of hydrocarbon based combustion
cycle fuels with bioethanol and other renewable energy sources is very much based on the
topical argument of choice. As this thesis is a study of technology development and not of
biofuel policy, a selection of common drivers is simply listed below;
Global community/multinational level drivers;
• Peak oil without foreseeable energy economy or energy substitute at suitable
maturity
• Energy independence from oil producing states where energy pnce or volume
restrictions may threaten global community stability
• The mitigation of climate change by reduction of Green House Gases (GHG)
• Public health considerations - reduction of NOx gases and soot
• Development of high technology/low carbon industries and economies
• Prevention of resource diversion of landmasses from food production to fuel
production
• Agricultural/environmental factors such as biodiversity, arable land run off,
herbicide/pesticide use associated to an increase in biofuel crops.
On the basis of adopting alternative energy sources, liquid biofuel substitutes (bioethanol,
biobutanol, biodiesel etc) have the lowest barriers to use, as the established mechanism of
storage and distribution is through the pumping, storage and combustion of liquid fuels.
Transportation fuels have been evaluated by Safaei Mohamadabadi et. al. (2009) by the
criteria of fuel type, economics and environmental parameters [12].
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Although motivations for adoption are governed by economic and national/international
politics, the mitigation of climate change has eclipsed all other arguments with the overriding
consensus that not addressing anthropogenic green house gas (GHG) emission will cause
significant hardship for all global inhabitants. As such the development of biofuels and clean
energy has been seen as imperative [13].
Bioethanol is an alternative liquid fuel source to the mineral oil derived petrochemicals used in
combustion engines. Approximately 96% of global and 98% of EU transport fuels were
mineral derived in 2006. In 2011 figures for the USA point towards a 2% contribution from
bioethanol [1, 14]. With mandates in place and the continual maturing of current research
practices, a series of targets have been set with varying degrees of compliance depending on
food and fuel prices. Fuel production targets are highlighted in Table 1.
Geographical Target as percentage of Year of
location combusted fuel compliance/forecasted data
EU·25 2% 2005
EU·25 5.75% 2010
USA 20% 2017
EU·25 10% 2020
Table 1. Biofuel production estimations/targets for the USA and EU by directive
Table adapted from[l] and [IS].
The appeal of bioethanol and biobutanol over mineral petrol consists of the reduction in carbon
emissions over complete well-to-wheellfield-to-wheel carbon cycle comparison [16-19]
(Figure 3). In terms of differentiation of fuels, bioethanollbiobutanol is seen as the partial
alternative to petrol with petrol accounting for around 80% of global automotive fuel
consumption by volume. Biodiesel is seen as the alternative to diesel (remaining 20% of fuel
consumption by volume) [18]. Performance characteristics are dependent on ethanol/petrol
blend and car design. Flexi-fuel cars, common in areas of high ethanol usage (Brazil, South
American and part of US), show adaptability between different fuel grades [20]. In contrast,
biobutanol in some respects is more analogous to petrol in combustion thermodynamics and
physical properties and is therefore termed a "drop in" substitute to petrol [21]. The use of
ethanol, either blended or as a sole fuel source, is shown to increase octane number, reduce
MTBE (methyltertiarybutyl ether) requirements, reduce toxicity impact on environmental
release and reduce emissions of combustion by-products [22-27].
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Carbon
(Refined oil)Carbon
(Crude oil)
Figure 3. Simplified illustration of carbon transformation (Renewable vs. non-renewable)
Top; Ethanol cycle where solar energy is captured by biomass, conversion through bioprocessing and fermentation and then used
in transport based combustion. Released carbon dioxide is used as feed in biomass formation.
Bottom; Mineral oil based combustion where crude oil is mined from geological source, refined for a cleaner combustion product
and combusted in transport. Carbon dioxide released to the atmosphere.
The development of bioethanol has been split into three phases or generations (see Table 2).
Generation Description
1st generation Fermentation of free mono-saccharides and starch from
cereal crops.
2nd generation Fermentation of polysaccharide complexes from non-food
crops and waste residues - cellulosic and ligno-cellulosic
3rd generation or "Advanced
biofuels"
Conversion of the saccharides directly to electrical energy,
commercialisation of butanol and bio-battery development
(also known as "Advanced" biofuels)
Table 2. Biofuel technology generations
For bioethanol use, the predominant end user is the internal combustion engines in road based
motor vehicles. Secondary to this is the markets of recreational vehicles (outboard motors and
gardening equipment) and small scale static electricity generators. Of notable emergence is
micro generation or backup/redundancy generators at specific commercial sites where solid-
oxide fuels cells are becoming more popular (such as the collaboration of Bloom Box with the
Google server centres [28]). For all these applications, the production of bioethanol is almost
exclusively through the fermentation of free monosaccharides derived from cereal
crops. These cereals have the dual potential of edible sustenance for humans and domestic
animals as well as fuel production, therefore constraints on availability are observed [29].
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Production constraints include -
• Availability of agricultural land
• Crop pricing
• Biodiversity impact
• Socioeconomic practices
The implementation of the UK RTFO (Road Transport Fuel Obligation), EU 2003/30/EC
(Directive on the Promotion of the Use of Biofuels and Other Renewable Fuels for Transport)
and the US EISA (Energy and Independence Security Act of 2007), the requirement for fuel
ethanol is greater than the total potential yield obtainable from first generation fermentative
technologies. To meet a 5% biofuel protocol in the UK under the UK RTFO, 1.2Mha of land
is required with an expansion to 1.75Mha for the 5.75% target achieved by the end of 2010
based predominantly on 1SI generation processing. In reality, available agricultural land set
aside for biofuel production is limited to l.72Mha without impinging on food production.
With the target of 20% by 2020, a clear constraint is observed in the use of 1SI generation
technologies [3, 16, 19,30-32].
Progression towards the mandated biofuel requirements foresees the impending choke point
where arable land is incapable of delivering sufficient material for processing into fuels. To
achieve the required volumes, saccharide sources which do not contribute to foodstuffs are
required. Complex polysaccharide sources (ligno-cellulose, hemicellulose and cellulose)
which are high in saccharide content but technically difficult to unlock, requiring advanced
technologies to release the mono-saccharides may provide an answer. They also address the
total processing carbon balance and satisfy the current legislative demand [22]. The US has an
obligation to produce a total of 36x1Q9 US gal (136x1Q9 litres)" per annum derived from
biomass by 2020. Of this, 3lx1Q9US gallons (1l7.3x1Q9Iitres) per annum (86% to total) is
expected to come from cellulosic bioethanol. Therefore, there is a large technological potential
due to the limitations of arable land required to meet the EISA requirements [16].
The employment of ligno-cellulosic based materials has the advantage of using base materials
that would otherwise be regarded as waste. Source materials under consideration are:
• Fuel crops from non-arable lands, marginal lands and brown field sites
• Spent distillers' grain from spirit production
• Municipal solid wastes (MSW) where the organic fraction maintains a high cellulose
content
• Waste materials and bioremediation from the paper pulping and recycling industries
• Lint materials from the textile industries
2 xlo9 = billion (short)
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• Plant materials from the remediation and reclamation of contaminated lands with
heavy and/or low radioactive metals by the growth of contaminant accumulating crops
[33-36].
The production process for biologically derived fuels is through the use of metabolic pathways
expressed in both prokaryotic and eukaryotic micro-organisms. Microbial metabolism for
product formation reduces the processing cost; therefore the production of the bio-product is
limited by the management of the fermentative micro-organisms metabolic rate, tolerance to
product feedback inhibition and substrate availability. Although biobutanol is superior to
bioethanol as a straight hydrocarbon replacement (due to ethanol forming azeotropes in the
presence of moisture), the production volumes of ethanol are easier to achieve due to greater
end product tolerance in ethanogens in comparison to butanogens [37].
With a focus on the production of ethanol, the technological movement from monosaccharide
sources (sugar cane) through simple polysaccharide sources (starch) to complex
polysaccharide sources (cellulose, hemicellulose and lignocellulose) has been driven by the
limitation of biomass feedstocks. With the increase in the degree of polymerisation per unit
mass, the amount of monosaccharide freely available decreases due to increased complexity of
saccharide recovery. Therefore more novel and innovative ways of extracting the saccharides
are required in the research stage for progression to the development stage before final
industrial adoption.
For the release of the fermentable sugars from the ligno-cellulosic materials, two limitations
are noted:
• Delignification; accessing the polysaccharides in the complex carbohydrates, by
removal of steric hindrance of lignin from the larger ligno-cellulose complex.
• Hydrolytic rate; the amorphous and crystalline cellulose fractions require
depolymerisation to reduce the hetero- and homopolysaccharides into their constituent
monosaccharides.
Fermentation inhibitors will be either released or produced according to the method of
degradation, with a mixed saccharide hydrolysate requiring fermentation to ethanol. With the
heterologous-saccharide hydrolysate containing a mixture of pentose and hexose mono- and
disaccharides, either a co-/sequential fermentation method or microbe capable of fermenting
both pentose and hexose sugars will be required to obtain the maximum yield [22, 35, 38-40].
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Current methods of monosaccharide release from lignocellulosic complexes are based on a unit
operation system shown in Figure 4 where the units consist of;
1) Material handling Material size reduction through physical/mechanical destruction
2) Pretreatment Chemical and/or physical pretreatment for lignin removal and/or
initial hydrolysis
3) Hydrolysis Enzyme based catalytic process used for the reduction of
polymerisation and hydrolysis of the cellulosic materials
4) Fermentation Production of the bioproduct through microbial fermentation
5) Product recovery Separation of desired product from the spent fermentation media
Enzyme
production
Material -7 Pre-
handling treatment
Enzymatic
hydrolysis
Product
separation
Product (y)
CS
Fermentation
Product
separation
Stillage
Figure 4. Block diagram of bioproduct formation from biomass
2.1.1. Biotechnology principles for biofuels and bioproducts
Energy for biological systems predominantly comes from one of two sources; photon energy
in the form of light (phototrophic life) or the planet's internal heat source (chemolithotrophic
life). Plant based biomass can be viewed as "solar energy collectors and thermochemical
energy stores" [41] where solar energy is converted into a physical energy store (see Figure 5
and Figure 6, page 16)_ Once energy is acquired, all other biological products abundant today
can be derived. In simplistic terms this can be through the combustion of fuel pellets or the
metabolism of foodstuffs in human nourishment. Examples of more advanced derived energy
conversions include fermentation for alcohols, hydrogen or direct production of electrical
current in biobatteries [42]_ For the perspective of biological exploitation for human benefit,
this is in the context of enzymatic catalysis and fermentation - a sunlight-to-product sequence
(see Figure 5).
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co. Solar energy
Biomass synthesis
(photosynthetic)
Biomass digestion
(Enzymatic)
Biomass and
secondary products
Biomass
Figure 5. Conversion of solar energy to biofuels through biological means
Illustration of the bioconversion of solar energy through the intermediate of plant biomass. Solar energy is captured through the
process of photosynthesis for the production of plant saccharides. Saccharides are used in respiration, stored in the insoluble form
of starches or converted to polysaccharide complexes for plant wall structural elements. For fuel conversion, processes are
required to reduce the degree of polymerisation, releasing the monosaccharide before a fuel-producing micro-organism is used in
the fermentative conversion of the sugars to ethanol. Exploitation of a biomass degrading microbe is used with a sugar shunt for
selection of desired product. Adaption of [41].
The energy required for microbial growth and product formation can come from a number of
origins. Predominantly these are either; the oxidation of media components (chemo-
organotrophs); or from a light source (auto-organotrophs) [43]. Dark fermenters (exclusively
chemo-organotrophs) utilise carbon sources of carbohydrates, lipids and proteins from other
biological entities (symbiotic), or mineral sources within the immediate surroundings.
Depending on the fermentation kinetics, microbe selection and carbon/nitrogen/oxygenation
control, the formation of a desired product can be influenced to push the fermentation towards
a defined primary or secondary metabolite for the greater yield. As the energy required in dark
fermentations has come from another biological entity, the upstream organism has significance
on the total process (Figure 6).
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Sunlight Phototrophs Chemotrophs
Carbon
dioxide Product
Figure 6. From sunlight and CO2 to bioproducts
Schematic howing the proces of bioconver ion of unlight and carbon dioxide through to a bioproduct. This implified diagram
highlights the relationship between phototroph and chemotroph with the dependency link in saccharide exchange between the
two orders. Area highlighted within the coloured boxe are representative of an organi m level, with the chemotroph expre ing
an extracellular product. Amino acid and water utili ali on is omitted to enhance irnplicity
For the ynthe i of biologically derived material, the common mechani m acro all
biological pecie is the utili ation of carbon (predominantly in the form accharide) in
conjunction with a nitrogen ource for the provision of energy and material for growth. The
coupled reaction een in thi mechani m are the glycoly i of a accharide ba ed carbon
ource and the citric acid cycle (TeA cycle) for the production of intermediate in the
ynthe i of all other biological derivative. The e mechani m are een a the common
y tern aero all autotroph and chemotroph and aero all ix biological kingdom . A uch,
the availability and utili ation of mono to oligosaccharide are een as a common limiting
point in any biological sy tern. With the example of the plant Kingdom or autotrophic
bacteria, accharide ynthe i a native, autonomou y tern through th photo ynthetic
pathway. In the case of nearly all other biological entitie, ecuring a accharide ource i
coupled to the con umption of plant or algal material.
Metabolic manipulation of pathway in the microbial y tern allow a single micro-organi m to
be elected, or modified, to produce multiple product through either the alteration of the
culture condition, or through gen tic manipulation. Thu, the proce of hydroly ing
polymeric ugar i not limited to the exclu ive production of bioethanol. A bioethanol i a
low value bulk commodity, the financial return i marginal and current indu trial production i
heavily dependent on governmental ub idie. Mono accharide availability and co t i a
common I ue acro all material' linked to food production co t. A uch, poly accharide
conver IOn technology ha ignificant advantage aero the whole biotechnology indu try.
Inve tment in pre-fermentation technologie for both high and low value product ha hown
ignificant intere t, e pecially in high value product where the percentage aving in
proce ing on a mall cale i ub tantially more beneficial than on large cale production .
Through the development of biotechnology in the enhancement of human life, nearly every
field of biotechnology ha focu ed on the principle of generating greater product yield either
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directly from light or from the saccharide intermediate. This has been seen in blue
biotechnology through aquaculture and the development of marine species with the increased
expression of oils; green biotechnology with the development of C4 photosynthetic pathway in
C3 phototrophs, transgenic and crossbred crops for increased polysaccharide content; red
biotechnology through the increased expression of medicinal products and white
biotechnology through the increased production of industrially commercial volumes of
synthetic materials. The use of industrial bioprocessing has enhanced and greatly increased
the number of compounds available from the basic saccharide carbon sources. With the
development of both the white and red biotechnology streams, the exploitation of micro-
organisms has led to the production of increasingly sophisticated biopharmaceuticals and
biosynthetic materials far removed from the original source microorganism's original
biochemical pathway.
2.2. Ligno-cellulosic feedstocks
Lignocellulosic, hemicellulosic and cellulosic materials are the products of plant cell wall
fabrication, with lignocellulose predominantly found in secondary cell walls [44]. Common
across all plants, the generalised structure is conserved across the whole kingdom, with
variations depending on species, biotic and abiotic factors. Lignocellulosic materials
contribute to the complex structures found within the plant kingdom, determining the plant's
shape and architecture, and has a major role in pathogen defence and cellular growth. With
the dynamic abilities of the ligno-cellulosic plant scaffolding, the production of the
biomaterial has to be coordinated through a complex system and be able to carry out multiple
functions without excessive resource demands [6].
Figure 7. Lignin proximity to cellulose fibre
Polymeric fibres seen in the central structure (blue/green). Lignin residues observed surrounding the cellulose fibre (green),
http://www.nccs,gov/wp-content/uploads/2009/04/cellulose.jpg
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Lignocellulose contains of three key elements; lignin, hemicellulose and cellulose. The
configuration of the three elements and the constituents of the lignin and hemicellulose
fractions show variation between plants due to biotic and abiotic factors. A summary of plant
species by constituent variation is shown in the Appendix (see page 7). The accepted model
of lignocellulose is that the cellulose fibres are in a chain form, embedded within a matrix of
other polysaccharides, pectins, glycoproteins and proteins [44]. To protect the whole
assembly, lignin is bound onto the outside of the fibre bundles (see Figure 7 and Figure 8).
Primary
Cell Wall
Plasma F
MembraneL
Figure 8. Three dimensional microstructure of plant cell waIls.
Diagram illustrates the associations between the constituents of a plant cell wall where the middle lamella is the out side of the
plant cell, descending through the primary cell wall with the loci of the cellulosic material sited within the pectin adhesion
molecules and the plasma membrane prior to cell cytoplasm. [45,46)
2.2.1. Cellulose, hemicellulose and lignin.
Whereas cellulose is often used in a generalised term for post pre-treated biomass, cellulose is
specifically a chain of unbranched anhydroglucose (C6HIO05)n linked by ~-glycosidic bonds.
Cellulose is highly stable and resistant to enzymatic hydrolysis due to the high number of inter-
and intra-molecular hydrogen bonds. Consisting of ~-1,4 linked glucose monomers, six
polymorphs are known to exist (see Table 3). Of the six polymorphs, only cellulose I is seen in
nature while the derived polymorphs are frequently seen as the result of thermo-chemical pre-
treatments [47].
Cellulose Characteristic
I
II
Only form found in nature. Parallel chain arrangement
Thermodynamically greater stability. Anti-parallel arrangement of strands. Some
inter-sheet hydrogen bonding.
Obtained from I through pretreatment with ammonia or some arnines
Obtained from II through pretreatment with ammonia or some amines
Obtained from IIlI through treatment with glycerol at 206°C
Obtained from IIln through treatment with glycerol at 206°C
IIlI
IIIu
IVr
IVn
Table 3. Cellulose polymorphs
Characteristics of native cellulose and cellulose polymorphs. Adapted from [47)
Within the cellulose fibre, two distinct regions of cellulose organisation are observed. These
are the crystalline and amorphous sections, defined by chain orientation. In the crystalline
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sections, the cellulose fibrils are aligned parallel to each other and linked through hydrogen
bonding. In the amorphous regions, the chain organisation is separated with water molecules
between the micro-fibre bundles leading to a disorganised orientation (see Figure 9) [22, 48,
49].
Amorphous area Crystalline are, Amorphous aro
Figure 9. Amorphous and crystalline morphology of cellulose fibres.
In the regions of amorphous cellulose, the regular crystalline structure is disrupted by the inclusion of water molecules between the
sheets, disrupting the regular hydrogen bonding. [48, 49)
With cellulose being solely polymeric glucose, the exploitation of cellulose is the key driving
factor in the use of lignocellulose as a carbon source for fermentation processing.
In contrast to cellulose, hemicellulose is a heteropolysaccharide consisting of multiple
saccharide species, and varies widely according to species and abiotic factors. Hemicellulose
consists of both C5 and C6 monosaccharides and generally falls under four subgroups (see
Table 4). Hemicellulose structurally has greater similarity to cellulose than lignin, with the
variation of monosaccharide building blocks governing the efficiency of each method of
degradation. Hardwood hemicelluloses are mainly comprised of highly acetylated
heteroxylans (classified as 4-0-methyle glucuronoxylans) with low hexoses (in the form of
glucomannans). Hardwoods contain a greater degree of acidic characteristics, leading them to
have a higher liability to acidic hydrolysis and auto-hydrolysis in high temperature and/or
pressure pretreatment processes. Conversely, softwood hemicelluloses are less liable to acidic
hydrolysis due to having a higher proportion of partially acetylated glucomannans and (1-4-)
linked galatactoglucomannans and xylans [26, 50]
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Type Description Notes Typified structure
1 unbranched chains
such as 0-4-) linked
xylans or mannans
Repetitive
pentose
polymer
2 helical chains such as
(1-3-) xylans
3 branched chains such
as (1-4-)
galactoglucomannans
Consisting of
glucose,
galactose, and
mannose.
Water soluble.
4 pectic substances
such as
polyrhamnogalacturo
nans
Table 4. Hemicellulose subunits.
[50].
2.2.2. Lignin
Structurally, lignin is involved in the repulsion and hindrance of destructive mechanisms trying
to access the cellulose fibre, limiting enzyme mobility and preventing chemical attack [6].
Lignin is a complex macromolecule. Comprising of free radical polymerisation of p-hydroxyl
cinnamyl alcohol units with varying methoxyl contents, the monolignols give rise to syringyl
(S), guaiacyl (G) and p-hydroxyphenyl (H) units in the lignin polymer which in tum are
responsible for the hydrophobic nature of the external plant walls and internal xylem structure,
and give structural strength to the plant fibres [6, 50].
For the exploitation of biomass saccharides for fermentation, lignin is a hindrance to
saccharide liberation. Delignification (or pretreatment) has been addressed through a broad
spectrum of physical-chemical pretreatment methods, out of the scope of this study. An
overview of current pretreatments is presented in the Appendix (pages 8 to 17).
2.2.3. Cellulosic materials as fermentation feedstocks.
All microbial fermentations require a carbon source for cellular respiration and product
formation. The carbon source has a direct effect on product yield and product formed
depending on the metabolic pathway used. In pharmaceutical fermentations where substrate
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specificity has direct correlation to product formation (for example, in antibiotic production
where primary carbon exhaustion and switching to secondary metabolite triggers product
production), a defined carbon media has to be used [43, 51]. In contrast, for ethanol (with
specific focus on ethanol for non-human consumption), the specification has to be that product
is formed from whatever carbon source is cheaply available and plentiful.
The mono-saccharides used are defined as five carbon (pentose) and six carbon (hexose)
sugar, both of which are available from hemicellulose and lignocellulose (see Table 5).
Carbon Type of basic Saccharide Basic Unit Degree of
Number of subunit polymerisation
Basic Subunit (DP)
Glucose Glucose 1
Maltose Glucose 2
Maltotriose Glucose 3
Cellobiose Glucose 2
Aldoses Trehalose Glucose 4
Galactose Galactose 2
Mannose Mannose 1
Lactose Glucose and galactose 2
6 carbon Melibiose Glucose and galactose 2
Ketoses
Fructose Fructose 1
Sorbose Sorbose 1
Aldoses and
Sucrose Glucose, fructose 2
ketoses Raffinose Glucose. fructose and 3
galactose
Deoxy-sugars Rhamnose 6-deoxymannose 1
Deoxyribose 2-deoxyribose 1
Arabinose Arabinose 1 I
Aldoses
Xylose Xylose 1
5 carbon Ribose Ribose 1
Lyxose Lyxose I
Ketose Ribulose Ribulose 1 IXylulose Xylulose 1
Table 5. Plant sugar subunits
Summarisation of the basic subunits of plant derived carbohydrates. Adapted from [52]
Cellulose as a carbon source is a polymeric carbohydrate rather than a monomeric feedstock as
seen in hexameric and pentameric fermentations. As the hydrolysis of cellulose produces a
large abundance of C6 saccharides (predominantly dextrose), post hydrolysis the fermentation
is treated much in the same way as a hexasaccharide fermentation, with theoretical yield
matching the fermentation yield and kinetics of the C6 metabolites.
The hemicellulosic amorphous regions consist of a mixture of CS and C6 saccharides.
Complete hydrolysis of the feedstock results in a heterosaccharide mixture in the fermentation
media. Once the primary carbon sources of hexasaccharides are exhausted (in mono-culture
fermentations), the pentasaccharides are left remaining, reducing potential yield [2, 53]. Co-
fermentations of Saccharomyces spp. with Zymomonas spp. or other microbes with the
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capability of pentose metabolism are being trialled to increase the yield to be closer to the
theoretical maximum. This is seen in the application of simultaneous saccharification and
fermentation (SSF) with a mono-culture microbial content that can carry out C5 and C6
metabolism, and in the co-cultures seen in simultaneous saccharification and co-fermentation
(SSCF). Importantly, this process is used as a parallel system as product inhibition from the
primary micro-organism frequently prevents production from the secondary micro-organism.
The examples observed are where the ethanogen with the greatest turnover rate and resilience
quickly causes necrosis in the secondary microbe through permeation of the cellular
membranes [54].
2.2.4. Hexose sugars
Hexose sugars are the most common saccharides used in fermentation and used in the majority
of research, commercial and industrial applications. The scope for hexose fermentation is well
documented and common practice. Hexasaccharides commonly found in plant cell walls are
highlighted in Table 5.
Glucose has been the hexose with most exploitation due to abundance in freely available
saccharide deposits in the form of sucrose' from sugar cane and other sucrose rich biomass
sources. Cultivation of sugar cane and sugar beet has been the predominant sources of glucose
although many fruiting bodies from various plants have also been used. Glucose is the
predominant saccharide in metabolism due to the glycolysisfTCA pathway therefore the
saccharide with greatest biological compatibility.
All other hexose sugars have only been used for either defined product formation (due to the
triggering of specific metabolic pathways) or as a secondary feed in an impure fermentation
feedstock. In the presence of other hexose saccharides within the fermentation media,
fermentative organism may go through a diauxic shunt to other hexose saccharides.
Microorganisms incapable of fermenting the additional saccharides will leave un-metabolised
saccharides in the fermentation media.
2.2.5. Pentose sugars
Pentose sugars are divided into two groups dependant on the presence of either an aldehyde
functional group in position one (aldopentoses of D-Ribose, D-Arabinose, D-Xylose and D-
Lyxose) or a ketone functional group in position one (ketopentoses of D-Ribulose and D-
Xylulose) (see Figure 10).
1Glucose-fructose compound
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Figure 10. Aldehyde and ketone functional groups
Left; Ketone functional group. Right; Aldehyde functional group.
In microbial metabolism, pentose metabolisers are found among yeasts, fungi and bacteria,
with the yeasts Pichia stipitis, Candida shehatae and Pachysolen tannophilus being the most
promising naturally occurring species for industrial exploitation in the context of biofuel
processing.
For the exploitation of the pentose monosaccharides, pentose metabolising yeasts take
advantage of the pyruvate decarboxylase-alcohol dehydrogenase (PDC-ADH) pathway along
with a handful of bacterial species (most notable of which is Zymomonas mobilis) to convert
pentose substrates directly to ethanol. However, two alternative routes to ethanol production
are present, these being through xylose isomerase - xylulokinase and xylose reductase -
xylitol dehydrogenase - xylulokinase pathways.
With primarily xylose used in pentose metabolism, the xylose is reduced to xylitol through the
aid of xylose reductase (XR). As xylitol is an accumulating intermediate compound that
reduces the yield through feedback inhibition, it is converted to xylulose, catalyzed by xylitol
dehydrogenase (XDH). Following conversion, the xylulose is then phosphorylated with
xylulosekinase (XK) to xylulose-SP for further catabolism via the pentose phosphate pathway
and the Embden-Meyerhof-Pamas (EMP) pathway in eukaryotes or the Entner-Doudoroff
(ED) pathway in prokyotic organisms such as Zymomonas mobilis [51]. This is shown in
Figure 11 (see page 28).
The use of pentose saccharides as a sole carbon source has never been commercially viable
due to the lack of high pentose concentrations in plant materials. Except for a small number of
products with a specific metabolic pathway where synthetically prepared high xylose media
are used, pentose fermentations has only had implications in the ethanol industry through
being a secondary metabolite in co-fermentations. With the advent of cellulysis of cellulose
sources, the liberation of pentose sugars has become of greater interest as a way of increasing
yield through removal of xylose repression in Sacch. spp. and secondary metabolism rather
than liberation as a primary metabolite.
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2.2.6. Comparison to hydrocarbons
Fermentation carbon sources have focussed on the available carbon sources of the time. With
the majority of microbes capable of fermenting hexose sugars, glucose has been the primary
feedstock of choice in many industrial applications. With monomeric and some polymeric
saccharides being of use in human (and animal) nourishment and price fluctuations due to crop
yield and climate, alternative carbon sources have been used. For petrochemical derived
carbon sources, historically this had been hexadecane due to the low cost of production at
times of low oil prices. Price sensitivity has now reduced its use to only specific high value
fermentations or as an addition to saccharide based fermentations [55]. Regardless of
microbial capability, exploitation of hydrocarbon based fermentations is accepted as either
niche product formation or of limited scope. Where advances have been made, has been for
toxin remediation where microbial biodegradation has been used for oil spills to aid the
clearing of contaminated soils and sands. As hydrocarbon fermentations do not address the
problems of availability, price acceptance, climate change or energy independence, no further
comment is required.
2.2.7. Inhibitory elements
In the degradation of lignocellulose to its base components, a number of inhibitor elements are
released into the media that can act either as catalyst inhibitors or exhibit toxicity to the
fermentative micro-organism. The common lignin derived inhibitors are grouped into two
functional groups of furan aldehydes (furfural (CSH402) and 5-hydroxymethylfurfural (HMF,
C6H603»' aliphatic acids (acetic (C2~02)' formic (CH202) and levulinic acid (C5Hg03»
compounds [56, 57]. Without inhibitor removal the inhibition of microbial fermentation will
reduce yields below theoretical maximum. The inhibitors produced vary in composition and
abundance depending on prior processing methods. In the instance of acid derived
hydrolysates (including auto hydrolysis through liquid hot water pretreatment), a high degree
of acidic inhibitors are produced (formic, acetic, levulinic acids for example) [58].
Of particular notice is the feedback system of vanillin on BGL. At vanillin ratio of 4 mg to 1
mg protein (0.5FPU), BGL activity is retarded by 50% [59]
In the hydrolysis of cellulosic materials (post pretreatment and washing), the hydrolysis of
cellulose itself produces end product feedback pathways upon the cellulase enzymes.
Cellobiose is known to a cause of cellulase inhibition and can be alleviated by excess BGL
addition [60].
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2.3. Biological degradation of post pre-treatment Iigno-cellulosic
materials
Many billions of tons of cellulosic material are reduced to their constituent parts annually
through natural microbial metabolism. In this section, the natural process of enzymatic
degradation is examined from the excretion of lignin degrading Iignases and associated
mediators through to BGL action on cellobiose for glucose production. The conclusion drawn
from this section shows that although important, the mineralisation from lignases is not
sufficient for rapid biomass conversion. Cellobiohydrolase (CBH) and BGL are the rate
limitation points in white rot fungi and are therefore of most interest in enhancement [51, 52,
61-63].
Post pre-treatment, lignocellulosic materials require hydrolysis of the hemicellulose and
cellulose fibres for complete depolymerisation. Cellulose is a homopolyglucan chain
producing a high yield of glucose monomers «C6HIO05)n + nH20 -- nC6H1206) post lysis.
Hemicellulose is a heteropolyglucan structure yielding a heterogeneous monosaccharide
hydrolysate, (predominantly xylose, with arabinose, galactose and mannanm). Biological
degradation of cellulosic materials through enzyme hydrolysis (EH) is accepted as a low
energy process in the biotechnology industry. The required enzymes are CBHI and CBHII
(endo- and exo-glucanases), and BGL [2, 51, 52, 61].
In contrast to chemical and physical processing, the addition of biological based agents to the
media is desirable due to the milder conditions required, therefore reducing the overall
production cost. As such, industrial scale production of celluloytic preparation on a bulk scale
has been achieved through two methods. These are;
• Development of hypercellulytic fungal strains (site-directed and random mutagensisis)
• Recombinant bacterial strains (fungal gene expression in recombinant E. coli)
To date the commercialisation of a number of enzyme preparations have been shown to be
economically viable, specifically marketed at the biofuel industry by the biotechnology
companies Danisco AlS and Novozyme AlS. In addition to the current product catalogue of
enzymes, there are a large number of enzymes in development stages with greater thermal
stability and Km values, from a wide range of biological sources due to strain improvement,
site-directed and random mutagenesis and bioprospecting.
In this section, the focus will be on the enzymes that are primarily from fungal origins that
have an active role in the reduction of cellulosic materials to glucose. To show complete
fungal processing, the upstream biological process of lignin degradation is included. Due to
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glucose being the primary carbon source in metabolism, the process of glycolysis (glucose
through to pyruvate) is the primary focus. Also illustrated is the xylose feed in for the
utilisation of hemicellulose.
Enzymatic interactions with lignocellulosic mass are shown in Figure 11. Although the
process is present in the natural environment as part of carbon metabolism, the process, even
in the most favourable conditions. is slow.
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Figure 11. Biological degradation of biomass
Overall pathways. NOT representative of a mechanistic system, but of all possible scenarios. Green area shows the degradation of
cellulose through the cellulase pathways. Blue box shows pentose pathway with xylose shown as the example. Enzyme box in
blue shows prokaryote pathway, green shows eukaryotic pathways. Purple box highlights Entner-Doudoroff pathway (glucose to
GL6P and G3P to pyruvate not highlighted but included). Red box shows Glycolysis. Diagram shows the enzymatic sequence of
degradation from a biological mass through to pyruvate. All boxes indicate the enzyme require for that particular conversion.
Double ended arrows indicate reversible reactions. Reaction pathway is ceased at pyruvate for indication of inclusion into the
Calvin cycle. Final conversion of pyruvate to ethanol omitted due to absence of evidence as a viable pathway in native microbial
species (eukaryotes). Primary focus is on the conversion of glucose. Additional sugars are illustrated although conversion is not
included. Abbreviations; ABTS - 2,2' -azino-bis-S-ethylbenzorhiazoline-S sulphonic acid (mediator); AMY - amylase (EC 3.2.1.1);
AO _ Aryl-alcohol oxidase (EC 1.1.3.7); BGL - ~-glucosidase (EC 3.2.1.21); eBR - cellobiohydrolase(EC 32.1.91); eDR-
cellobiose dehydrogenase (EC 1.1.99.18); EGL - endoglucanase(EC 3.2.1.4); ENO - enolase (EC 4.2.1.11); FBA - fructose-I.ti-
bisphosphate (EC 4.1.2.11); FBP - fructose-I ,6-bisphosphatase (3.1.3.11); G6P DR - glucose-6-phosphate dehydrogenase (EC;
1.1.1.49); 6PG-lac - 6-phosphogluconoalctonase (EC 3.1.1.31); GAPN - non-phosphorylating GAP dehydrogenase (EC 1.2.1.9);
GAPDR - glyceraldehydes-3-phosphate dehydrogenase (EC 1.2.12!l3); GLK - glucokinase (EC 2.7.1.2); GLOX - Glyoxal
oxidase (EC 1.15.11); GUT - glycerol-3-phosphate dehydrogenase (EC 1.1.5.3); HBT - 3-hydroxyanthranilate 1-
hydroxybentriazol (mediator); ROR - glycerol-3-phosphate (EC 1.1.1.8); RXK - hexokinase (EC ; 2.7.1.1); KD(P)GA - KD(P)G
aldolase (active on KDG as well as KDPG; EC 4.1.2.-); Lee - Laccase (EC 1.10.3.2); LiP - lignin peroxidase (EC 1.I1.1.14);
MmP - manganese dependent perox.idase (EC 1.11.1.13); PEPS - Phosphoenolpyruvate carboxykinase (EC 4.1.1.32); PGAM -
phosphoglycerate mutase (EC 5.4.2.1); PCI - glucose-S-phosphate isomerase (EC 5.3.1.9); PCK - phosphoglycerate kinase (EC
2.7.2.3); PK - pyruvate kinase (EC 2.7.1.40); PKF - phosphofructokinase (EC 2.7.1.11); TIM - triosephosphate isomerase (EC
5.3.1.1); TPl - triophosphate isomerase (EC 3.5.1.1.); VP - versatile peroxidase; XYL - xylase (EC 3.5.1.5). Diagram self
produced using references from [64-66]
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2.3.1. Lignase
Although strictly not involved in the depolymerisation of cellulose, biological degradation of
lignin by lignase action complements industrial pretreatment exploration, so is included for the
context of complete biological action. Ligninolytic organisms have the ability to degrade
lignin in plant structures through the use of enzymatic and non-enzymatic lysis. In the
biosphere, ligninolytic action is carried out by a small number of white-rot fungi. Lignin
degradation is necessary for the alleviation of steric hindrance, to allow the access to the
polysaccharide structures and not as a carbon source itself. As a result, the energy balance of
ligninolytic interactions is neutral however the competitive advantage the microbe gains is the
access to a metabolite source that would otherwise be inaccessible [64].
The degradation of lignin in the ligno-cellulosic complex comes from the aerobic oxidative
process. The process of degradation involves one or more of the three extracellular enzymes,
combined with other non-enzymatic processes for complete lignin mineralisation. The three
key lignases found are; lignin peroxidase (LiP); Manganese dependent peroxidase (MnP); and
laccase (Lee). Together the three enzymes are often referred to as lignin-modifying enzymes
(LMEs) [64]. Additional enzymes which have been studied in the complete degradation of
cellulose have been versatile peroxidase (VP), cellobiose dehydrogenase (CDH), glyoxal
oxidase (GLOX), aryl-alcohol (AO) and other H202 generating enzymes [67]. These are
summarised in Table 6.
Enzymes Abbreviation Enzyme recognition code.
Lignin peroxidase
Manganese dependent peroxidase
Laccase
Versatile peroxidase
Cellobiose: Quinone oxidase
Cellobiose dehydrogenase
Glyoxal oxidase
Superoxide dismutase
Glucose oxidase
Aryl-alcohol oxidase
Lip
MnP
Lee
VP
GO
AD
E.C. 1.11.1.14
E.C. 1.11.1.13
E.C. 1.10.3.2
E.C. 1.11.1.16
E.C.1.1.S.1
E.C.1.1.99.18
E.C. 1.2.3.5
E.C. 1.15.11
E.C. 1.1.3.4
E.C. 1.1.3.7
CDH
GLOX
Mediators
3-hydroxyanthranilate
l-hydroxybentriazol
2,2' -azino-bis-(3-ethylbenzothiazoline-6 sulfonic
acid)
HBT
ABTS
Table 6. Lignin degrading enzymes and mediator compounds.
Adapted from Pointing [64]
For lignin mineralisation, liP is believed to be a major factor in the rate determination. The
production of LiP deficient strains through gene knockout has shown the rate of lignin
breakdown vastly decreases in laboratory based studies, indicating the importance of liP [67].
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2.3.2. Swollenin
EXPA Cellulose
Cellulose-binding glycans
Figure 12_ A simplified model of the plant cell wall and its loosening by indigenous expansins.
The cell wall consists of a scaffold of cellulose microfibtils (shaded areas) to which are bound vatious glycans such as xyloglucan
or xylan (thin strands); together these polysacchatides form a strong, flexible, load-beating network based on hydrogen bonds
(indicated by rows of short lines). Extension of the cell wall entails movement and separation of the cellulose microfibrils by a
process of molecular creep. n-Expansins (EXPA) may promote such movement by inducing local dissociation and slippage of
xyloglucans on the surface of the cellulose, whereas ~-expansins (EXPB) work on a different glycan, perhaps xylan, for similar
effect. Expansin-like A (EXLA) and expansin-like B (EXLB) proteins are predicted to be secreted to the cell wall, but their
zactivity has not yet been established. Taken from [68]
Native to the plant material and embedded in the cellular structure, expansins are an often
neglected mechanism in cellulose research. Expansins are a group of four protein subgroups
(a-expansin, ~-expansin, expansin like-A and expansin like-B) that have been found in a range
of plant cell walls. Shown to be the cell expansion mechanism for cell growth, expansins are
hypothesised to have a role in the loosening the hydrogen bonds between cellulose chains to
allow the expansion of the cellulose bundle for cell growth (the acid-growth response) (see
Figure 12). Experiments carried out by McQueen-Mason, Durachko and Cosgrove on
cucumbers have shown that with the addition of expansins to cucumber material subjected to
tensional stress (extensometer methodology), an increase in span is observed over the negative
control. With the same experimental procedures applied to tomato, pea, radish, lily, onion,
maize and barley, extension is observed to varying degree depending on species suggesting a
common action across the plant domain [69].
The mode of action in the fibre disruption is considered to be through the disturbance of the
hydrogen bonds between cellulose rnicrofibres, or between cellulose and other cell wall
polysaccharides. As a disruptive element, the protein appears to lack cellulytic activity,
suggesting cellulose fibre expansion and alteration of plant morphology (seen in the ripening
of fruits) over degradation for material recycling. Gene sequencing of expansins from a wide
range of plant species implies protein sequence homology across the plant kingdom [70].
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Investigation of cellulytic fungal and bacterial proteins has elucidated proteins with
mechanisms homologous to the plant expansins. By expression, purification and concentration
of the expansin analogues, the subjecting of cotton fibres to the protein preparation has
demonstrated similarities in the alteration of fibre morphology (elongation and swelling of the
fibre) without releasing reducing sugars, leading to the proteins being named swollenin. In
sequence determination, unlike the plant expansins, swollenin has a modular structure with a
endoglucanase domain and an expansins like sequence with an N-terminal cellobiose binding
module (CBM). This suggests evolutional commonality to the cellulase class of enzymes [70,
71]
Through gene sequencing, the swollenin proteins have shown distinct family classification and
are now classified as a-expansins [72] Although thought to be exclusive to the plant kingdom,
the expansin swollenin (SWO) has been identified in Trichoderma reesei along with another
unknown homologous protein. In experimental work carried out by Saloheimo et. al., gene
knock out and suppression of the Swo 1 gene for SWO expression has shown that lack of SWO
has no effect on the growth of the expressing micro-organism (Trichoderma reesei in this
case). This has indicated that the expression of swollenin in the process of cellulose
degradation is for the purpose of degradation, and not the cellulytic organism's cell growth
[70].
2.3.3. Cellulases
In microbial digestion ligninolytic action occurs in conjunction with cellulytic action of the
cellulase class of enzymes. "Cellulase" enzymes catalyse the hydrolysis of cellulose to the
monosaccharide constituents through the use of a cocktail of cellulase enzymes. For fungal
degradation, saprophytic filamentous fungi produce three classes of secreted glycoprotein
cellulases, based on hydrolytic activity [51, 52]. These are shown in Table 7.
Common
abbreviation
Name Cleaving position and product formed.
1 EGL Endoglucanases Random cleavage of ~-1,4-glucosidic bonds, away
from the chain ends
rCBHI
2 tCBHII
BGL
Cel7Aor
cellobiohydrolase I
Cel6Aor
cellobiohydrolase II
~ - glucosidase
Cleaves disaccharide cellobiose from the non-reducing
end of the cellulose chain.
Cleaves disaccharides from the reducing end of the
cellulose chain
3 Hydrolysis of the cellulose and other short cello-
oligosaccharides to glucose
Table 7. Three key enzymes in cellulose depolymerisation
Table generated by the author. Information sourced from [51.60.73-75).
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or complete cellulose degradation all three enzymes are required, although protein structure
and expression rates vary between microbial species. A schematic showing an illustration of
the enzyme actions is shown in Figure 13 indicating swollenin action location, CBH family
action, and the mechanism of induction feedback of cellulase expression. Table 8 contains full
details of the enzymes discussed with accession numbers and EC codes.
u U cellobIoee cello@ @ 00 OOOOollgomer
I~
Inducer cP 0 0-gI-
(ecphOrOee) 0
t
Figure 13. Cellulose degradation through the use of enzyme cocktails and gene expression feedback.
Basic structural diagram of cellulose degradation by the four key enzyme complexes. Swollenin (SWO) disrupts the crystalline
cellulose structure. Endoglucanase (EO) is seen as the mid chain cutter, cellobiohydrolase (CBH) acts on the reducing and non-
reducing ends of the cellulose fibre releasing cellobiose. For the complete mineralisation of the cellobiose, p-glucosidase lyses
cellobiose and cello oligomers to glucose. In the process, sophorose (P 1-2 linked glucose dimer), cellobiose and lactose present
induce the transcription of the ceLlulasegenes. [76,77].
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2.3.3. Endoglucanases (EGL)
~-l ,4-D-glucan glucanohydrolase, the endo-enzyme endoglucanase (EOL, EO or Cx), cleaves
the disordered amorphous region of the cellulose fibres. There are at least five known
endoglucanases secreted by fungi - EO! to EOV. The lack of particular EOs are known to
greatly reduce EO activity. EO enzymes hydrolyse glycosidic bonds mid-chain allowing
quick fragmentation along the length of the polysaccharide chains, rapidly decreasing the
degree of polymerisation (DP) of the substrate. In the process, the enzyme produces cellulose
chains with varying length from 2n through to >5000n (where n is the number of monomers),
with the products themselves acting as inhibitors to cellulose hydrolysis [49].
In nomenclature, ~-l,4-D-glucan glucanohydrolase is abbreviated to egl (gene) and EO for
the enzyme. EO(n) is used to highlight the difference between the five accepted EO enzymes.
In this document, the annotation of EO is through the use of the Roman numeral where EOI is
synonymous with EO I, Eon is synonymous with E02 etc. In published data and references,
convention uses the systems of Roman numeral annotation, although the use of numeric is also
seen.
With the example of Trichoderma reesei, EO1 represents around 5 - 10% of the total secreted
protein. Whereas a lack of EOI will reduce total EO activity by around 25%, the lack of EOn
is seen to reduce activity by around 55%. This has supported the account that the EOn is
accountable for the majority of EO activity in Trichoderma. Within the industrial context of
cellulase exploitation in the biofinishing of denim materials, the use of EOn has been seen to
be the most effective on a enzyme rate basis [90].
The EO! protein has homology to the CBH protein, with 70% conservation at the C terminus,
45% total homology and with 437 amino-acid (aa) residues and a 22-aa long signal peptide.
This indicates that the two enzymes have arisen from common ancestry. As the two proteins
conserve homology in the C terminus region, EOI contains six suggested N-glycosylation sites
and a suggested O-glycosylation site that show a similarity to the orientation of the CBH-l
protein, implying evolutionary divergence. Penttila et. al. illustrate how it is suggested that
the EO! sequence is derived from the CBH! sequence through the deletion of four separate 10-
20 aa deletions [75].
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Figure 14. RASMOL image of CE112A.
Left image shows the protein as seen across the beta-sheets. Right images viewed along the binding domain. Colours signify
group [91].
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2.3.4. Exogluconase I Cellohiobydrolases (CBH)
Cellobiose
Figure 15. Cellobiohydrolase II in complex with cellulose
CeUobiohydrolase (CBHrI) in complex with cellulose, showing the three-dimensional configuration of the enzyme and substrate.
Two cellulose fibres are shown with the lower chain as native, while the upper chain is hydrolysed. The Cellulose Binding
Module (CBM) is observed bound to the cellulose fibre on the left of the image. The peptide linker sequence is observed bridging
between the CBM and the catalytic core domain (seen on the right). With the CBM involved in the adhesion to the chain, it is also
hypothesised that the CBM is involved in the partial lifting of the chain from the fibre bundle. Once the chain is directed into the
catalytic domain, the catalytic head cleaves the chain into cellobiose for the instance of CBH II. Image adapted from [92]
The two cellobiohydrolases used in the degradation of cellulose are ~-1 ,4-glucan gluco-
hydrolase (CBHI) and ~-1,4-D-glucan cellobiohydrolase (CBHll)_ CBHI sequentially cleaves
one glucose molecule from the non-reducing end. CBHll cleaves two bound glucose
molecules (cellobiose) from the reducing end [49, 74]. Working in synergy with EG, the
increased shearing caused by EG hydrolysis allows a greater number of cellulose chain ends to
be reduced by CBHI and CBHll. In cellulase inducing conditions, around 80-85% of the total
protein expressed extra-cellular are cellobiohydrolases, with CBHI accounting for between 50-
60%, and CBHII accounting for around 25% of the total secreted protein from the wild type
Trichoderma reesei [2, 93]_
Structurally, the CBHI family of enzymes have three structural features and two key
functional domains, summarised by Table 9 and Figure 15.
Structure Function
Linker
Catalytic core
Binding of the CBH enzyme to the cellulose fibre. Hypothesis raised of
possible lifting through "wedging." Suggestion of lifting a single fibre
into the catalytic core.
Peptide link between the CBM and catalytic core
Contains the catalytic tunnel - position of hydrolysis
Cellulose binding module
Table 9. CBB structures
As cellulose hydrolysis requires a multiple enzymatic approach, there are more intermediate
steps than the classical enzyme kinetic modeL The major steps are shown in Table 10
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Step Process Ref
1 Adsorption of cellulases onto the substrate via the binding domain [94]
2 Location of a bond susceptible to hydrolysis on the substrate surface (chain end if [95]
CBH, cleavable bond if endoglucanase)
Formation of enzyme-substrate complex (by threading of the chain into the
catalytic tunnel if CBH, to initiate hydrolysis)
Hydrolysis of ~-glycosidic bond and simultaneous forward sliding of the enzyme
along the cellulose chain.
S Desorption of cellulases from the substrate or repetition of step 4 or step 2/3 if
3 [96,97]
4 [96,97]
only the catalytic domain detaches from the chain
6 Hydrolysis of cellobiose to glucose by ~-glucosidase (if present in the enzyme
mixture). In addition, product inhibition and substrate changes in properties
along the course of the hydrolysis effects the above steps.
Table 10. Progression of cellulase action
(b) (c)
Initial
threading--
Surface Recognition Initial processlvityl
binding decrystalhzation
Threading.. Hydrolysis
6G
I
( ... J
+
Threading
ReactIOnCoordinate
Figure 16. CBH processing
The Trichoderma reesei Family 7 cellobiohydrolase (Cel? A) acting on cellulose. Cel? A Is comprised of a 36-aminoacid eBM, a
linker domain with O-glycan (dark blue), and a large catalytic domain with N-linked glycan (pink) and a 50-A' tunnel for
processing cellulose chains (green). The cellobiose product is shown in yellow (e) and (f). Here we show the putative steps that
Cel? A takes to deconstruct biomass and the hypothesized free energy surface for each elementary step. Taken from (98)
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Cellulose Binding Module (CBM)
The CBM's role in hydrolysis is the binding to the substrate and disruption of the cellulose
chain and promoting the association of the enzyme with the substrate (therefore lifting the
effective enzyme concentration) (see Figure 15, Figure 17 and Figure 18)[99]. Three current
hypotheses for the mode of action are discussed, although acceptance of each theory varies.
Common to each theory is the substrate binding through three aromatic amino acid side groups
located on a relatively planar surface. The total spread of the attractive sites equates to
approximately 1.1nm, or 1 cellobiose unit in length. With the three aromatic side chains
oriented in a linear plane and being hydrophobic on a hydrophobic cellulose chain, the
dehydration of the cellulose/CBM binds without the aid of hydrogen bonding as seen in Figure
17 [99].
Figure 17. CBM of a CBH family 1 in complex with cellulose
View of the molecular components of a typical MD simulation of CBM acting on cellulose. The binding domain, shown as a
green ribbon with the tyrosine residues in orange, is placed -3 A above a three sheet slab of cellulose in a box of water molecules
(dots) CBH direction of travel would be progressive left to right in this rendering. [99].
Once bound, the affinity of the cellulose to the binding site is hypothesised to lift the cleaved
chain away from the bulk surface and towards the CD (Figure 15). In both of these models, a
similar mode of action is seen described as the "shaving" or "planing" of the bulk surface.
Contrary to the description given by Hahn-Hagerdal et. al. and Minlos et. al. and many others
and as seen in Figure 15, Mulakala and Reilly propose an alternative hypothesis where the
CBM acting as a wedge placed below the chain being hydrolysed directs the fibre upwards,
away from the cellulose surface, and into the catalytic domain. The energy required for
forward movement and into the cleft is derived from the free energy available from the
hydrolysis of the glycosidic bond. This is shown in Figure 18. [92,97,99]
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Figure 18. Alternative mechanism of CBM behaviour
Alternative hypothesis for CBM mode of action. Surface rendering of the CBM with wire structure rendering of the cellulose
chain in the process of hydrolysis (upper chain) and chain still adhered to the cellulose fibre surface (lower chain) [97]
Another mechanism of action suggested by Arantes and Saddler has looked at the possibility of
CBM migration into the cellulosic material. Suggested to occur at the initiation of CBH
hydrolysis, the term amorphogenesis has been coined to describe a method of fibre disruption
through CBM disruption other than that seen in the more generally accepted "shaving" or
"planing" mechanisms. In the hypothesis put forward, the CBH CBM has loose association to
the cellulose bulk. In recognition of micro-cracks in the microfibre, the CBM penetrates the
cellulose fibre and becomes lodged within the interfibrillar space. The bulk of the CBH mass
within the fibre causes mechanical pressure on the pore wall leading to water molecule ingress
into the interfibrillar space, cleaving hydrogen bonds and forming free chain ends [100).
Although some plausibility is seen in the theory, the quantity of research built upon this
hypothesis has not gained significant acceptance. In comparison with other mechanisms
modelled, the mechanism appears less intuitive.
Linker sequence
Consisting of a 27 amino acid sequence and maintaining the positional relationship between
the catalytic core and the CBM, the Cel linker sequence is used for cellulase motion. The
linker is considered to be an intrinsically disordered protein allowing flexibility for movement
of the whole molecule [98, 101-103]. For progression, discussion has focussed on three
hypothesis of movement. These are summarised as;
• The CBM moves at a rate higher than the CD therefore the linker acts as a "pulling"
mechanism to drag the CD. CBM leading acts a ratchet mechanism preventing two
directional movement
• The linker is inflexible and the system moves in accordance to the slowest constituent
as a rigid molecule
• Molecular movement originates from the feeding of the cellulose fibre through the
catalytic tunnel. The linker sequences "pushes" the CBM along the fibre
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Through the sequencing of the linker sequence and computational analysis of the structure by
the likes of Beckham et. al. [98] and Zhong et. al. [101] the hypothesis of the inflexible system
is discounted immediately as there is insufficient mechanical rigidity to prevent linker folding.
Work conducted by Zhong et. al. used computation methods to investigate flexibility of the
linker system. In the modelling that they conducted, repetitive iterations of molecular
movement based on free energy calculations, suggesting that the CBM lags the CD therefore
inducing a "push" on the CBM with the force originating from the progressive threading of
cellulose fibre through the catalytic tunnel [101]. This results in a creeping system where the
total protein size varies between 2.5 and 5.5nm correlating to linker compression and extension
(length by distance between domain centres is shown in Figure 19). These two stable states of
the linker position are separated by a free energy difference of 1O.5kcal/mol. The switching
between to the two states is suggested to be through energy storage and release similar to a
spring mechanism.
CBM CD
x-----
Figure 19. Orientation and spacing of CBM·CD linker sequence
Detennination of cellulase movement by distance between domain centres. CBM - Cellulase binding module; CD - catalytic
domain; X _ distance between domain centres where molecule is at rest. Green fibre indicates fibres within a cellulose bundle.
Red fibre is the cellulose fibre in the process of catalysis [104).
The mechanism described is shown in Figure 20, and works through a repetitive sequence. In
the images reproduced, Ce17A with cellulose catalysis occurs within the catalytic tunnel (1).
The total length at this point will equate to 5.5nm. The expulsion of cellobiose from the CD
(2) allows further fibre threading, causing linker sequence to flex due to CD movement,
compressing the linker into its compressed state. The total length of the molecule reduces to
2.5nm (3) with energy stored within the linker sequence. Upon exceeding the free energy
barrier of 1O.5kcal/mol, the linker returns to the extended position, pushing the CBM along the
cellulose fibre. Once completed, the sequence is repeated along the length of the cellulose
chain.
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Catalytic domain
Cellulose binding domai!).
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Figure 20. Proposed Cel7A progression as hypothesised by Zhao et. eL
fIlustration of Cel7A progression. Adapted from [lOS]. Cel7A with catalysis occurring within the catalytic tunnel (I). Total
length = S.Snm. Expulsion of cellobio e from the CD (2) allow further fibre threading, causing linker equence to flex due to CD
movement to a compressed state. Total length reduces to 2.Snm (3) with energy stored within the linker sequence. Upon
exceeding the free energy barrier of 10.Skcal/mol, the linker returns to the extended position, pushing the CBM along the cellula e
fibre (Adapted from [lOS]).
Catalytic core
Regardless of the three previous models suggested, hydrolysis of the cellulose chain occur
within the catalytic tunnel continued in the catalytic domain. Following the lifting of the fibre
away from the bulk, the cellulose chain is fed into catalytic tunnel consi ting of a soA. tunnel in
CBHI and 20A tunnel in CBHII. The cellula e fibre i held within the tunnel by re idue -7
through to +4 where 0 represents where cleavage occur . This i een in complex in Figure 21
and from two differing face in Figure 22 [62, 96],
Figure 21. Catalytic domain of CBID in complex with cello oligomer
Figure l . Schematic repre entation of the CBHI catalytic domain with a cello oligomer bound in ite -7 to +2. Secondary-
structure elements are coloured as follows: b strands, blue arrows; a helices, red spirals; loop regions. yellow coil. The cello
oligomer is shown in pink as a ball-and-stick object. The illustration was created with MOLSCRIPT [96]
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Figure 22. RASMOL images of Cel?A catalytic domain.
Left image showing three-dimensional orientation of amino-groups. Cellulose chain feeding is orientated left to right through the
cleft with lysis product expelled to the right of the CD. Right image showing active ite cleft orientated looking along the axi of
the cellulose fibre. Forefront structures show fibre tunnel. Lysis products would be expelled to the rear of the CD in this
rendering with the CD progressing towards the reader [106].
Work carried out by the Oak Ridge National Laboratory using 1,000-2,000 proce sor of
"Jaguar" on the Laboratory Cray XT3 upercomputer has studied the induced fit adhesion of
the enzyme to the cellulose fibre with a rate determination of one glucose molecule release per
100 nano econds. The method of progre sion shown in Table 10 and imagery produced by the
ORNL study is shown in Figure 16 [99].
With the adhesion of the CBM to the cellulo e chain, the pre-hydrolysis sequence of
recognition and initial threading can proceed. Once threaded, the repetitive sequence of
hydrolysis, threading and expul ion can be maintained for the length of the freely available
chain.
Water location and action in the CBn system
In the hydrolysis of cellulo e by cellulase enzymes, water molecules playa crucial role in a
number of locations. These are predominantly;
• Water movement into the catalytic domain for hydration in the hydrolytic event
• Hydrophobic nature of the CBM in relation to the cellulose fibre
• Movement of water molecule into the cleft created by the lifting of the cellulo e fibre
being cleaved
• Water molecules in a sociation with the linker sequence
In the cleavage of the glycosidic bonding, the water molecule in clo e proximity to the
hydrolytic event provide the hydroxyl group and the hydrogen ion for bond tability. The
water is sourced from the aqueou media and moves through the catalytic domain to within the
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catalytic tunnel, migrating into the catalytic domain via a channel positioned below the core
[99]
The hydrophobic nature of the CBM causes an adhesion pocket around the CBM to form a
loose association with the cellulose fibre. The affinity of the bonding is dependent on the
hydrostatic pressure of the water molecules keeping the CBM in close proximity [99, 101,
107].
The cellulose fibre between the CBM and catalytic core is lifted from the bulk fibril and
threaded into the catalytic core. In the process, water molecule move in to the cleft left by the
lifted fibre (see Figure 23). For every four glucose molecules lifted, five water molecules
move into the cleft [101].
In the proximity of the linker, a large number of molecules are held in association to the
peptide chain. In addition to this, o-linked glycosolation of the peptide sequence incurs
addition side chains, increasing the abundance of hydroxyl groups in this area [70].
Figure 23. Water ingress into the cellulose cleft in fibre lifting
Blue spheres represent water molecules in the groove from which the celJodextrin chain was pulled up. The large blue spheres
represent the water molecules which are displaced when four glucose monomers reanneal. As presented in [101]
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2.3.5. ~-glucosidases (BGL)
~-glucosidases (BGL) is not directly required in the digestion of cellulose material; however it
is required in the hydrolysis of the cellobiose intermediate to glucose. For utilisation of the
glucose in the TCA cycle, the dimeric glucose molecule of cellobiose cannot be used,
therefore to metabolise the cellulose fully, BGL has to be present to release the glucose
monomers.
Although BGL is not directly essential for metabolism as CBH will liberate glucose for
glycolysis, its inclusion in metabolic pathways prevents a significant feedback product
inhibition choke point caused by the accumulation of cellobiose [74].
Capable of hydrolysing both di- and oligosaccharides, the enzyme has significance in the
lifting of feedback repression of the CBHlEGL system.
2.3.6. Cellulase enzyme quantification/qualification
In the catalysis of cellulose by cellulase enzymes, the reaction rate and yield limitations have
been subjected to a number of studies in practical and computational terms. Of relevance to
this study is the understanding of the termination of catalysis, possible mechanisms for
stopping, and a method of modelling the affect seen.
Activity loss in the cellulase system has been hypothesised to have been the result of a number
of mechanisms. Chiefly, these have been implicated to be;
• the CBHs becoming stuck on the substrate surface due to a crystalline effect defect, or
when surrounding cellulose chains prevent further processive action [108]
• Enzyme jamming on the substrate surface resulting in hydrolysis rate reduction [109]
• negligibly reversible cellulase binding [110]
• non-productive binding in of absorbed cellulase [111].
Additional speculative (and studied) areas of retardation are highlighted by Nidetzky and
Steiner [112] as possibly from;
• Thermal instability of the cellulases
• Strong product inhibition by cellobiose andlor glucose
• Inactivation of the absorbed enzyme due to diffusion into the cellulose fibrils
• Transformation of the substrate into a less digestible form
• The heterogeneous structure of the substrate itself
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An area that has been sufficiently discounted as the route of inactivation is cellulose
morphology in terms of catalytic rate on crystalline compared to amorphous regions. Work
cited by Zhuoliang (referencing [113-116]) looked into increase of crystalline substrate
concentration when hydrolysing a mixed amorphous and crystalline cellulose as a possible
alteration of rate constant. The references cited outline that this is not a parameter in
modelling, or a sufficient explanation for rate retardation [117].
The mechanism of cellulase quantification has difficulties 10 analysis. Free enzyme
interactions are based on mass-action laws and derived from the assumption of Fickonian
diffusion and thermodynamically driven random collisions. For analysis, Michaelis-Menten
equations can be used where a single substrate is hydrolysed to a homologous product without
feedback inhibition. The use of Michaelis-Menten equations can describe the reaction and
predict progress by a function of time, [E] or [S]. Cellulase interactions, in common with other
non-Fickonian interaction based on phase partition or immobilisation, deviate from the
Michaelis-Menten system due to the heterogeneous enzyme reaction. 10 particular, the
complex of enzyme-substrate (ES) is considered as a bound interaction without disengagement,
giving a system where;
• [P] evolves as a function of time with yield limitation,
• [E] in free solution is assumed to resolve to a value ~O,
• [S] is the inversely proportional of [P]
• and [ES] (assuming inactivation/jamming) ~100%.
Therefore the comparison of progression is shown in Figure 24.
b)
kl k2E+S C • ES • E+P
k_l
kl k2E+S c ESactive ' E+P•k_l ~lik'
ESinactive
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Figure 24. Comparison on Michaelis Menten and proposed minimal theoretical model
a) Michaelis Menton model where E = enzyme; S = substrate; ES =Enzyme-substrate complex; P = product; k, = binding
constant; k., = reverse binding constant; k2 = product formation rate
b) Minimal theoretical model as suggested by Ye et. al. where abbreviations as previous with kr = inactivation rate
constant; k, = reactivation rate constant [117].
A peculiarity of cellulase hydrolysis is the enzyme motion in relation to the substrate. As CBH
is substrate bound once affiliated to a fibre bundle and threading, the enzyme motion is
considered mono-dimensional due to the hydrolytic progression feeding substrate through the
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catalytic cleft. Assuming that the CBH progression will occur along the length of the chain
until cleavage ends with disengagement at the end residue, the substrate length will vary from
polysaccharides in the order of DPn = 20 through to DPn = >4000. As concluded by Xu and
Ding [109], when an immobilised reactant or enzyme has restriction of diffusion and collision
on an inert carrier, the system can be described with a "fractional" (fractal) dimension,
rendering a more peculiar behaviour.
Valjamae et. al. explore the fractal exponent of the catalysis through a relationship to the rate
coefficient, k. Where k is time dependant and related to the rate constant kl by k = k,rh where
h is the fractal exponent. In normal, non-fractal systems, h is assumed to be 0, therefore k is
constant. For fractal kinetics, h = -0.3 [102].
As the solubility of cellulose varies with time course, the [S] term is dynamic in accordance to
t. As such, the process can be considered as the sum of two or more pseudo-first-order
reactions due to the presence of oligomers of various sizes, enzyme inactivation and adsorption
parameters. Work carried out by Jervis et. al. (using fluorescence-labelled substrate with
Cel7 A) showed that the 2-D diffusion of the enzyme on the cellulose surface was not the rate
limitation [95].
In terms of physical parameters, a number of indicators of fractal behaviour can be indicated.
As the protein sizes in CBH cleavage is considerably larger than the chain dimension, in a one
dimensional system the CBH geometry leads to the opportunity of "jamming" whereby CBH
content has insufficient degree of movement for passing (see Figure 25, top) [109].
In light of CBH working synergistically with EGL, the number of free ends for threading has
significance over rate. With the CBH CBM having affinity for free substrate adhesion,
specificity of location is not mechanistically mediated. As such, CBH CBM is not
homogeneously distributed on cellulose surfaces (see Figure 25). By having a varying [S], the
opportunity for incorrect CBM affinity increases as [S] reduces, consequently [E] decreases
with increased E inactivation. At lower [E] values, this will lead to yield limitations once all E
is immobilised, inactivated or jammed.
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Figure 25. Physical catalysis constraints
Illustration of physical limitations in cellulase affinity to substrate catalysis. Blue objects represent the cellulase (CBH) enzymes
in proximity to the cellulose fibre.
Top; Fractal jamming from protein obstruction and inactivation. "Aerial view" of enzyme and substrate. Red CBH highlights
where jamming will occur with CBH catalysing from the opposite end, reducing catalytic rate by a half.
Bottom; Enzyme inactivation by substrate jamming. "Portrait view" of enzyme and substrate (cellulose). Enzyme I shows the
expected threading of the cellulose chain through the catalytic core with progression towards enzyme two. Enzyme two shows the
CBM affinity to the cellulose fibre without free chain end for catalytic core threading, renderings the enzyme inactive in catalysis.
As the enzyme 2 affinity will prevent enzyme I progression by physical objection, enzyme I and 2 will be inactivated. Enzyme 3
shows catalysis nearing completion of polymer chain. As such, release and adhesion will govern successive rate progression.
For empirical determination of rate considering catalysis as a fractal like kinetic analogue of
pseudo first order reactions, the product concentration (p(t» can be expressed as Equation 1.
pet) = [S]o.[l-exp( _k.ll.h»]
Equation 1. Fractal kinetics as per product concentration
where pet) is the concentration of released cellobiose (IlM); [S]o is the initial concentration of
cellulose represented as cellobiose units (IlM); t is time, k and h are empirical constants [102].
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Figure 26. Mechanistic hydrolysis of cellulose by eBH
Schematic Michaelis, fractal, and"jammed"reactions. (A)Michaelis scheme. E,enzyme; S,substrate; ES, Michaelis intermediate;
P, product. (B) Fractal scheme for an enzyme (ellipsoid) acting on chained substrates (dashed curve). The enzyme binds to the
chain through its active site tunnel. After cleaving off a substrate unit (bar), the enzyme slides along the chain (in the! direction)
for the next catalytic cycle. (C)"Jammed" scheme for enzymes (ellipsoids) acting on substrate chains (dashed lines) that are
packed orderly with defined spacing. Being "oversized" in comparison to the inter-chain space, the enzymes anchored on
adjacent chains may jam each other [109].
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2.4. The ethanol biorefinery
Exploitation of the technologies discussed In this thesis is dependent on both the raw
feedstocks used and integration into the process chain (raw feedstock preparation,
pretreatment, hydrolysis, fermentation, product recovery and dispatching). For illustration of
the process train and where this research project relates to the total process, Figure 27 is
shown. The streamlining of the system into the minimal number of unit operations, or
conjoining the process to other product streams, is paramount for commercialisation. In light
of this, the development of the biorefinery concept as a model system has been developed with
the all-new build facilities having the concept integrated from planning. In existing facilities,
the biorefinery concept is often adopted with facility expansion, upgrades and modification.
In this chapter, the four key systems (separate hydrolysis and fermentation, simultaneous
hydrolysis and fermentation, simultaneous saccharification and co-fermentation and
consolidated bioprocessing) are set out from the established and implemented SHF, through to
the target process of CBP.
Pretreatment
Product recovery
Previous evidence of
microwave influence on
pretreatment methods
(acid falkali catalysis)
Bio product
Focus of research conducted;
1) Influence of microwave energy on the CBHfEGL/BGL
catalysis of cellulose
(broken into two study areas)
2) Influence of microwave ener8V on the fermentation of
glucose by an ethanogen.
Figure 27. Bioproduct processing train.
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A biorefinery concept is analogous to the mineral refining model widely adopted by both the
petrochemical and commercial chemical industry. The biorefinery is an infrastructure facility
which uses various conversion methods for the production of higher value commodities from
lower value biological feedstocks [22, 118, 119]. The products formed vary depending on the
refinery design and particular target market. Products range from high value niche fine
chemicals and pharmaceuticals to mass-produced commodities such as liquid fuels, organic
materials and bioplastic precursors [120]. The process will involve the bioconversion using a
fermentative micro-organism or cell line. The term biorefinery is commonly used as
generalised term for the place of biofuel production although this is not exclusively the case
[120-122].
The majority of biorefinery production plants use either a single low-value/high-volume
product process or multiple high-value/low-volume processing methods depending on
infrastructure. The current motivation in biorefining is the production of facilities that are
akin to mineral oil refineries where a single low value feedstock is used for multiple products
of varying value. Within the whole series of processes, minimal waste is produced. By
employing integrated cascade of processing methods, secondary products and wastes can be
used as primary feeds in subsequent product processing. This process integration brings
increased efficiencies and reduces capital, production and product cost across the
bioprocessing industries (a prime example for this minimal waste and cascade processing is
the British Sugars refinery in Wissington, UK).
By means of reference to feedstock cost and commercial competitiveness with mineral
analogues, the Brazilian method of refining sugar cane for processing to either bioethanol or
succinic acid is typified, showing how plant flexibility accommodates market fluctuations.
Linking feedstock constraints to commodities prices, switching product to a more profitable
product with common equipment when the operating margin prevents profitability makes
greater economic sense. For the processing of biomass to product, the pre-treatment processes
upstream of fermentation may be seen as a common system with multiple carbon feed-in
points depending on feedstock availability or price. During fermentation, the value added
product is formed before final downstream processing is used for product purification. When
pretreatment and fermentation systems can be common to a product range, the process cost is
reduced. This is illustrated in Figure 28.
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Figure 28. From Upstream to downstream processing in a biomass based biorefinery
Illustration of the biorefinery principle. Biomass input is pretreated by physical and thermo-chemical means (green) prior to
enzymatic saccharification (purple). All processes undertaken (green and purple areas) are under the classification of "Upstream
processing." Once glucose liberation has occurred, fermentation is carried out for biological product formation (turquoise). For
product recovery from the spent fermentation media, the common methods of liquid and solid mass recovery are shown in varying
colours. All processes post fermentation are termed "Downstream processing."
Microbial
Biomass
Cellotriose
(Trisaccharide -
DP = 3)
Cellotetraose
(Tetrasaccharide
DP =4)
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With the upstream and fermentation processes for fmal product preparation a commonality,
method developments in these areas have been considerable. The processing methods of
separate hydrolysis and fermentation (SHF), simultaneous saccharification and fermentation
(SSF), simultaneous saccharification and co-fermentation (SSCF) and consolidated bio-
processing (CBP) are illustrated in Figure 29 and discussed in the subsequent sections. For
complete process block diagrams, see Appendix pages 18 -22.
SHF
Cellulase production °2___" 1Cellulose hydrolysis
Hexose fermentation
Pentose fermentation
SSF SSCF CBP
Figure 29. Comparative overview of four cellulosic ethanol processing methods.
Each block represents a unit operation of physical processing. Abbreviations; SHF - separate hydrolysis and fermentation; SSF -
simultaneous saccharification and fermentation; SSCF - simultaneous saccharification and co-fermentation; CBP - consolidated
bioprocessing. Although based on unit operations, the procedure of each individual unit may not signify a separate infrastructure
or physical unit. Colour representation indicates degree of polymerisation of the cellulosic material; peach colour illustrating high
degrees of polymerisation; blue illustrating mono- to oligo- saccharides.
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2.4.1. Separate Hydrolysis and Fermentation (SHF)
~ ,~1
treatment
Enzyme
production
1Cellulase
Ethanol
CO2
Enzymatic
hydrolysis Fermentation
or
Enzyme
production CO2 Stillage
~ Cellulase
Ethanol
Enzymatic
hydrolvsls
Solids
Pre-
treatment
Soluble sugars
Stillage
Figure 30. Schematic representation of Separate Hydrolysis and Fermentation
Top diagram represents a serial fermentation approach while the lower illustrate a parallel approach. Colour key;
Orange/Pink; Pre-treatments and depolymeri ation processes, Blue; Fermentation processes, Grey; Product
recovery. Images adapted from [2]
Separate Hydroly i and Fermentation (SHF) is defined a a two step process conducted as
sequential unit operations. Post pre-treatment, the cellulosic substrate is hydroly ed with the
addition of complementary enzyme followed by a fermentative tage. The actual
practicalities of carrying out SHF are often le s di tinct in phy ical processing as the
hydrolysis carried out in the same vessel in which fermentation will occur is still seen as two
distinct steps (see Figure 29) [2t.
Cellula e enzyme have a temperature range of> 1QC- -70°C with an optimal temperature of
between 25 and 70°C depending on origin. Peak efficiency i observed at around 55-62°C and
pH 4 to pH 5 depending on enzyme ource [123]. By having a two tage con ecutive proce s,
the primary reaction ves el can heat the substrate and enzyme mixture to the enzyme's optimal
temperature. With the exception of thermophilic bacteria, this temperature is ignificantly
higher than the tolerance of common fermentation culture'. Variations within the ystem at
this point also include filtration to remove insoluble fractions prior to fermentation and/or
chemical measure to re-optimi e the solution for fermentation [2, 123].
For complete hydrolysi , the ve sel will be held at between 60°C and 65°C for a pre-
determined time period depending on enzyme concentration, substrate type and particle ize,
• For expanded and total process illu tration , see Appendix pages 19 and 20
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and desired yield. The vessel and lysate is then cooled, or the hydrolysate is pumped to a
further reactor via a heat exchanger to achieve the optimal fermentation temperature. Addition
of an ethanogen starter culture begins the fermentation process.
Post hydrolysis, one of two methods will be employed for fermentation with respect to the
hexose and pentose sugars contained within the hydrolysate. Currently in order to achieve
close to maximum theoretical yield, the pentose and hexose mono- and disaccharides will be
fermented with two different ethanogens either in a serial or parallel system (dual C5/C6
ethanogens may do this in a single fermentation although solvent production is less
favourable) [2, 51, 52].
Common practice in SHF where serial fermentation methods are used, the liberated sugars will
be initially fermented using a Saccharomyces spp. for C6 fermentation. Following
fermentation, the spent media will undergo downstream processing for product recovery
before a C5 fermentation, followed by a second product recovery procedure. In a parallel
system, both C5 and C6 ethanogens will be used prior to a single distillation or recovery
process (see Figure 30).
Advantages gained through using a SHF process are; increased yield associated through the
hydrolysis being carried out at the enzyme's optimal temperature and the ability to reduce the
time required for complete hydrolysis. Hydrolysis is commonly accepted as the rate limiting
step. The energy required in processing is reduced due to a high yield being obtained.
However, the deficiency of the process is the solubilisation of excessive amounts of glucose
and cellobiose in the media causing end-product inhibition of cellulytic enzymes reducing
efficiency with yield [2]. Additionally, the intermediate saccharide rich hydrolysate produced
requires sterile handling to prevent opportunistic colonisation prior to ethanogen inoculation.
This limitation has led to the consolidation of SHF in to SSF, analogous to the principle seen
in nature where metabolism is coupled to the hydrolytic rate
S3
2.4.2. Simultaneous Saccharification and Fermentation (SSF)
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Figure 31. Schematic of Simultaneous Saccharification and Fermentation
Schematic highlights the sequential unit operations of hemihydrolysis through various means prior to CS
fermentation, and utilization of the free C6 monomers and cellulose for biomass increase in cellulytic enzyme
production. Protein recovery of the cellulytic enzymes media is used in the subsequent cellulose fermentation
downstream of the initial C5 fermentation. Ethanol recovery from the beer column is undertaken with standard
methods. Simultaneous in this instance refers to the application of cellulytic enzymes being used in the same unit
operation as the C6 fermentation. Schematic adapted from [2]
Simultaneous Saccharification and Fermentation (SSF) refer to combined unit operations of
enzyme hydrolysis and C6 fermentation within the same vessel and time frame. In contrast to
the SHF, enzymatic hydrolysis in concurrent fermentation removes product inhibition by
alleviating cellobiose build up in the reactor vessel [26, 124]. With glucose being liberated at
a similar speed to fermentation rate, glucose inhibition is removed (see Figure 29 and Figure
31). The advantages gained by using a SSF approach is the increased yield obtained in a short
time period due to the prevention of feedback loops. As such, the enzyme requirement is
reduced and the process does not require as stringent conditions due to the reduced prospect
for opportunistic colonization. The disadvantage of the process is the incompatibility of the
enzyme and microbial optima, although solvent and thermotolerant microbial strains are being
developed to reduce the temperature difference. In this process it is worth noting that the
enzyme production can be considered an offline fermentation in parallel to the desired product
formation. As SSF is derived from SHF, two fermentation methods (serial and parallel) can
be exploited [124t
5 For expanded and total process illustrations, see Appendix page 21
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2.4.3. Simultaneous Saccharification and Co-Fermentation (SSCF)
Enzyme production
Pre-
treatment
Ethanol
Cellulose hydrolysis C6and
CSCo-fermentation
Beer
column
Stillage
Figure 32. Schematic of Simultaneous Saccharification and Co-Fermentation (SSCF)
Schematic highlights the sequential unit operations of hemihydrolysis, cellulose hydrolysis and combined CS and
C6 fermentation. Ethanol recovery through the beer column is conducted under standard methods. Schematic
adapted from [2]
SSCF is a development of SSF through the co-fermentation of both the CS and C6 saccharides
in the same fermentation media at the same time as saccharification (Figure 32l Through the
co-fermentation method, the enzymatic hydrolysis continuously releases hexose sugars which
increases rate of glycolysis to promote increased pentose fermentation rate. This increases the
total production yield [2]. Processing difficulties arise in the balancing of CS and C6
fermentations with hydrolytic rate.
A number of research lead groups have attained SSCF as a process in principle with a variety
of feedstocks and microbial combination, each with their own merits and high yields of
conversion. The review paper published by Cardona and Sanchez gives details of several
research groups which have shown promise [12S].
For development of the SSCF system, thermal compatibility in the process mechanisms is a
significant problem. To address this issue, the research focus has been in the consolidated of
product expressions within the microbes used, and the increase in thermal tolerances to unify
elevated processing temperature.
6 For expanded and total process illustrations, see Appendix page 21
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2.4.4. Consolidated BioProcessing (CBP)
Pre-
treatment
Cellulase production,
cellulose hydrolysis C6 and
CSCo-fermentation
Ethanol
Beer
column
Stillage
Figure 33. Schematic of Consolidated Bioprocessing (CBP) fermentation
Schematic highlights the consolidation of both the saccharification and fermentation processes into a single unit operation.
Variation on CBP depends on the method of process combination.
CBP has the greatest opportunity for commercial feasibility through the consolidation of
enzyme production into the fermentation method (see Figure 33) 7. The exploitation of
thermophilic bacteria, co-fermentations or recombinant yeast and/or bacteria, the method of
CBP has seen feasibility abate currently at low yields. Due to the methods of manipulation
and optimization that are becoming available, multiple analogues of CBP are being developed
on the same principle (see Table 11).
Methodology RefComments Development point
Thermophilic
bacteria
Cellulytic yeast
co-fermentation
CeJlulytic yeast
with combined CS
and C6 metabolism
High temperature fermentation. Continuous
process with simultaneous saccharification,
hexose and pentose fermentation. Low
ethanol yield. Ineffective in batch
operations.
Near ambient temperature fermentation with
consolidated cellulytic enzyme production
with C6 fermentation into a single yeast
species. Co-fermentation with CS
fermentative yeast for increased yield.
Greatest yield per unit substrate per unit time
with batch fermentations. Possibility of
continuous fermentation with development
of ethanol selecti ve filtration/membrane
technologies.
Pilot scale [51, 126-
128]
Research based only, [51,129,
missing experimental proof 130]
of concept. No success to
date. Technical difficulties
with expression stability.
Development of above. Currently theoretical Extremely complex [ 131-134]
due to issue with genetic manipulation of the
number of genes required. Theoretically
highest yield at lowest operation cost.
process. So far, limitations
have prevented success.
Table 11. Comparison of Consolidated Bioprocessing methods.
Table showing a comparison between the three platform technologies expected to be at the core of the CBP commercial
exploitation.
7 For expanded and total process illustrations, see Appendix page 22
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In the implementation of CBP, reactor conditions are varied depending on the micro-
organism(s). In the instance of an ethanogenic thermophile, the reactor vessel is maintained at
between 60-70°C for both optimal hydrolysis and fermentation. In contrast, recombinant yeast
reactor vessels will be maintained between ambient and 35°C prior to ethanol recovery.
The advantages associated with CBP focus on the simplicity of the design (see Figure 33) and
the movement towards the "one-pot" solution where minimal processing costs are associated.
Through enabling enzyme secretion to be coupled to biomass density and product formation,
the regulation of inhibition feedback is reduced to a level where inhibitor intermediates within
the metabolic reaction sequence are metabolized before they have time to accumulate in the
media. Additional advantages are the reduced contamination threats due to very strict media
selection pressure. This allows only microbial content capable of respiring in the vessel being
cellulytic or capable of pentose metabolism.
CBP has the highest potential yield of each system due to the minimal inhibitor products
produced. The process can be controlled with minimal input requirements, exploiting the
anaerobic/aerobic pathways used in ethanogens. Microbial cell density can be optimised with
partial aeration used to extend fermentation in a fed batch manner. A fermentation process
using CBP may consist of staging the fermentation in a single vessel and controlling growth,
respiration and product formation through aeration (KLa). Though the process of complete
respiration, the cellulytic ethanogen would be promoted to produce cellulytic enzymes through
the substrate inducing expression, therefore increasing microbial biomass. With the increase
in microbial biomass, extra cellular enzyme expression is increased. On reaching a specified
cell density, oxygen repression would create anaerobic conditions causing a diauxic shift in
cell metabolism, leading to ethanol formation.
Pretreatment Consolidated Bioprocessing
c
lactateHe Pentos ..
---1-+ Hexosea
----1- Cellulose
ICompiaxed cell. I.... yoloml
Of
Inon-complexed 0111"'.... 1 ""'" .......... - .
L lignin _____________________ LIgnin
Figure 34. Conceptual scheme of consolidated bioprocessing
(a) Native cellulolytic strategy. (b) Recombinant cellulolytic strategy. HC, hemicellulose; C, cellulose; L, lignin. Processing
pathway for a thermoanaerobic microorganism (e.g. Clostridium thermocellum) is indicated by continuous gray lines. Processing
pathway for an ethanologenic microorganism (e.g. Zymomonas mobilis) is indicated by dotted lines.
57
2.4.5. Product recovery
As all processes describe produced an ethanol rich spent media, recovery of the ethanol
content will be dependent on the product concentration. Downstream solvent recovery would
be conducted through standard industry practices or through zeolite recovery, microwave
volatilisation, low pressure distillation or selective membrane filtration. Lewandowicz et. al.
[135] have developed a novel and promising method of membrane distillation, Chen et al.
[136] highlight a number of classical and developing separation methods while Dias et. al.
[137] review a number of established methods. These technologies are well documented and
out of the scope of this project report.
2.4.6. Industrial adoption
The methods of SHF, SSF, SSCF and CBP have all been proven at the bench scale. For
commercial purposes, only SHF has had scaled success. For acceptance as an industrial
practice, as number of key parameters are considered.
• Scalability
o Scale up (vertical scaling) in comparison to scale out (horizontal scaling).
What are the volumetric limitations incurred and how does this balance unit
operation residence times?
• "Bad batch" impact
o What is an affordable volume loss in a single worst case scenario? Does
increase in complexity to achieve sterility outweigh benefit from optimal unit
conditions for hydrolysis?
• Infrastructure cost
o How flexible is the system on product or is it "locked in" in processing? If
process complexity increases, how does this reflect in both hardware and
software development for control?
• Operation complexity
o Through the consolidation of unit operations, associated complexity and
operational risk increases. With the operational complexity (also related to
infrastructure complexity) comes the greater risk of "bad batch" loss or down
time due to integration to reduced infrastructure.
For a comparison of operational complexity in the various process modes, complete system
configuration for SHF, SSHF, SSCF and CBP are illustrated with processing schematics
assuming completion of a pretreatment stage prior to input in the appendix. Key side chain
processes and material recycling are shown. An empirical comparison is shown in Table 12.
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2.5. Developing bioethanol production processes - Ethanogenic micro-
organisms
The conversion of any saccharide feed to product will be dependent on the microbe employed. For
bioethanol, this will be through an ethanogen. In the production of biobutanol, the butanogens would
be exploited. Equally, the microbe of choice for the myriad of biologically products we have been
accustomed to would be exploited. For the conversion of saccharides, the majority of metabolic
pathways employed are conserved across both eukaryotes and prokaryotes, therefore the product
formation pathways, rates and tolerances become of greatest interest. In this section, the Embden-
Meyerhof-Pamas and Entner-Doudoroff pathways are explored, as are the fermentation yields from
the common Saccharomyces fermentation systems and pilot Zymomonas systems [51, 138].
2.5.1. Ethanogenic micro-organisms
Ethanol is a fermentation by-product in the culturing of certain microbes. Through the metabolism of
a carbon source, the reforming of the carbon is predominantly into forms that are beneficial for the
maintenance of the organism's homeostasis, storage, or excretion as wastes from respiration. In a
number of organisms, the carbon can be formed into ethyl alcohol (ethanol) through anaerobic
respiration, with which yeasts have had the most widespread commercial success. In microbiology,
production of ethanol from a carbon source can occur through a number of biosynthetic pathways.
Predominantly, production is initiated by glycolysis where pyruvate is formed prior to conversion to
acetaldehyde by the enzyme pyruvate decarboxylase, with carbon dioxide as a by-product. The
acetaldehyde is further converted to ethanol by alcohol dehydrogenase before being excreted into the
fermentation media [61]. For a complete system wide overview of a number of selected pathways,
Figure 11 (see page 28) shows the initial conversion steps from a lignocellulosic source, through
cellulolysis and glycolysis to pyruvate.
Individual species of bacteria and yeasts have been long known to secrete ethanol as an intermediate
metabolic carbon store to prevent carbon exhaustion at times of inter-species completion through the
Crabtree effect. Tables included in the Appendix (pages 23 to 26) show the common ethanogens by
taxonomic domains; eukaryotes (namely yeasts) and prokaryotes (bacterial, with differentiation by
mesophilic and thermophilic).
2.5.1.1. Yeast
Yeasts - unicellular fungi - have the ability to degrade carbohydrates (principally C6) molecules to
two-carbon (C2) compounds, without complete oxidation to carbon dioxide. This is observed across a
broad spectrum of yeast, with examples such as Saccharomyces cerevisiae, Kluyveromyuces lactis
and Candida albicans [139]. Other notable yeast, Schizosaccharomyces pombe, Kluyeromyces
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fragilis and Candida tropicalis, have all been isolated for ethanol production to varying degrees of
commercialisation. Yeasts are preferable for fermentations due to being able to utilize a variety of
substrates, ability to grow and efficiently ferment ethanol at pH values of around 3.5 - 6.0, and
temperatures of between 28 and 35 DC[52].
Saccharomyces cerevisiae is used in the majority of ethanol fermentations due to being Crabtree-
negative, having a relative high rate of ethanol production, ethanol and osmotic tolerance, and using
mild fermentation conditions. Able to metabolise a wide range of mono and disaccharides, the
Saccharomyces genus has been well documented and studied. In addition, the use of Saccharomyces
spp. for other commercial and pharmaceutical importance is due to its classification of GRAS 8 ,
established methods of recombination and the ability to perform post-translational modifications.
The multitude of review articles and dedicated journals such as the "Yeast," "Journal of Yeast and
Fungal Research" and "Yeast Research" show the depth and spread of the yeast development.
In the production of ethanol, two species of the Saccharomyces species are frequently used.
Saccharomyces cerevisiae is widely used for the fermentation of ale-type beer and wines, whereas
Saccharomyces carlsbergensis or pastorianus (a cross between bayanus and cerevisiae) is used in the
fermentation of lager-type beers [125, 140]. Phenotypical differentiation between the two species
originated in the observation of the fermentation characteristics, either top or bottom fermentation.
Top fermenting yeasts such as S. cerevisiae flocculate in the process of fermentation due to the
hydrophobic flocculate adhesion to CO2 producing the characteristic foam on top of the fermentation
media (or wort in brewing terminology). This is not present in bottom fermenting strains such as S.
carlsbergensis and pastorianus.
For a number of decades there has been debate over the taxonomy and nomenclature of S.
carlsbergensis, as for many years the two Saccharomyces were considered as two distinct species
[141]. With work carried out by Kreger-van Rij [142] based on genome homology studies, S.
carlsbergensis was moved into the S. cerevisiae species and renamed S. uvarum. Subsequent studies
by Vaughan-Martini and Kurtzman [143] and Vaughan-Martini and Martini [144] have pushed the
view towards two distinct species, which has kept the differentiation between the two microbes [145].
S. uvarum is believed to be a hybridization of S. cervisea and S. monacensis due to its allopolypoind
genome.
8 Generally Regarded As Safe
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s. paradoxus
..... ....• s. pastorianus CBS I 538~"
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Figure 35. Establishment of evolutional relationship between Saccharomyces species S. uvarum, S. cerevisiae, S.
paradox us, S. bayanus and S. pastorianus
Reinstatement of S. uvarum abolished by synonym status.
Yeast has the ability to express ethanol under both aerobic and anaerobic conditions (see Figure 36)
but predominantly under anaerobic conditions through the Embden-Meyerhof-Parnas (EMP) pathway
[139]. The net reaction yields two molecules of ethanol, one molecule carbon dioxide and one
molecule ATP per molecule of glucose fermented. This gives rise to a theoretical yield of 0.51 g of
ethanol per gram of glucose under normal conditions. Cell maintenance, synthesis and secondary
products (glycerol and succinate) limitations mean fermentations usually do not exceed 90-95% of the
theoretical maximum. Through the production of glycerol and succinate deficient strains, a further
2.7% product yield may be gained [52].
Ethanogenic yeasts stems from the ability to use energy from glycolysis and fermentation pathways
rather than the oxidative respiration pathways, allowing the yeast to maintain cell viability while
producing ethanol [139]. In terms of fermentation practices, to maintain the stability of biomass
population in yeast fermentations, a small supply of O2 is required to ensure cell maintenance, as O2 is
required for biosynthesis of polyunsaturated fats. Typical amounts maintained in the broth are
between 0.05-0.10 mm Hg oxygen tension. With values greater than O.lOmm Hg, cell growth is
promoted at the expense of ethanol production. The nutritional requirements for ethanol production
are based on cell maintenance. Components required in the nutrient source are solely used in the
production of cell structures and cell synthesis pathways [52].
As yeasts are the predominant ethanogens, ethanol tolerance is a significant factor in industrial uses.
Yeasts are susceptible to ethanol inhibition, with growth retardation observed in strains fermented
with ethanol concentrations of 1-2% (w/v). Growth is completely halted by concentrations greater
than 10% (w/v). Variation in tolerance is observed across a broad range of strains that have been
developed through strain improvements. Tolerance is dependent upon the fatty acyl composition of
the plasma membrane [52].
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With commercially available home brewing kits, a strain of S. cerevisiae with the ethanol tolerance of
23% is available through the Alcotec brand, as will as fast yielding strains (for example Alcotec
Turbo yeast with 12% in a 24hr period) [146).
In the testing of strains with ethanol tolerance, the nature of the ethanol tolerance is in relation to the
microbial strain has shown variation through being either autogenous or exogenous fermentations.
As exogenous additions of ethanol to a strain do not accumulate within the cell, growth is observed at
higher concentrations than autogenous ethanol concentrations indicating the inhibitory mechanism is
propagated through an internal cell signalling sequence from an ethanol build up in intracellular areas
[52).
Saccharide metabolism
Saccharomyces cerevisiae has the ability to utilise specific mono-, di-, oligo-, and polysaccharides.
The method of utilisation has an influence on the potential yields that may be obtained and the
characteristics of the fermentation. S. cerevisiae has the transporters required for trans-membrane
transportation of the disaccharides maltose and trehalose, with two transport mechanisms understood
for trehalose; a high affinity H+-trehalose symporter (Km = 4mM) that is repressed by glucose and a
low affinity constitutive transporter (Km = l00mM) [147).
The utilisation of maltose is important in the beverage brewing industry due to the use of malts in the
production of beer. S. cerevisiae has the ability to metabolise maltose due to the five MAL genes that
are found in unlinked but homologous loci on different chromosomes. The five MAL genes (MALl-
MALA and MAL6) consist of three genes containing a maltose permease, maltase and transcriptional
activator sequences at each gene locus. Down regulation of the genes is brought on through
constitutive activation of the Ras-cAMP pathway inhibiting maltose metabolism through the
reduction of maltose permease activity and transcription. Induction of maltose metabolism is through
the lifting of glucose repression and induction through maltose arising to specificity in carbon source
order of preference [147].
Sucrose metabolism is dependent on the six sue genes encoding the two versions of invertase. The
genes (SUC1-SUC5 and SUC7) are located on different chromosomes with the major form of
invertase secreted subject to glucose repression and responsible for extracellular hydrolysis of sucrose
to glucose and fructose [147].
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Figure 36. Glycolysis and gluconeogenesis
The Embden-Meyerhof-Pamas pathway (EMP). Double headed arrows indicate reversible reactions. Arrows in opposing directions indicate
usage of separate enzymes for reveres process. Abbreviations; ADH - alcohol dehydrogenase (EC 1.1.1.1); ENO - enolase (EC 4.2.1.11);
FBA - fructose-I,6-bisphosphate (EC 4.1.2.11); FEP - fructose-I,6-bisphosphatase (3.1.3.11); C6P DH - glucose-6-phosphate
dehydrogenase (EC; 1.1.1.49); 6PG-Iac - 6-phosphogluconoalctonase (EC 3.1.1.31); CAPN - non-phosphorylating GAP dehydrogenase
(EC 1.2.1.9); CAPDH - glyceraldehydes-3-phosphate dehydrogenase (EC 1.2.12113);GLK - glucokinase (EC 2.7.1.2); GUT - glycerol-3-
phosphate dehydrogenase (EC 1.1.5.3); HBT - 3-hydroxyanthranilate l-hydroxybentriazol (mediator); HOR - glycerol-3-phosphate (EC
1.1.1.8); HXK - hexokinase (EC ; 2.7.1.1); KD( P)CA - KD(P)G aldolase (active on KDG as well as KDPG; EC 4.1.2.-); Lee - Laccase (EC
1.10.3.2); PDC - pyruvate dehydrogenase complex (EC 2.7.11.2); PEPS - Phosphoenolpyruvate carboxykinase (EC 4.1.1.32); PCAM-
phosphoglycerate mutase (EC 5.4.2.1); PC! - glucose-6-phosphate isomerase (EC 5.3.1.9); PCl( - phosphoglycerate kinase (EC 2.7.2.3);
PK _ pyruvate kinase (EC 2.7.1.40); PKF - phophofructokinase (EC 2.7.1.11); T!M - triosephosphate isomerase (EC 5.3.1.1); TPI-
triophosphate isomerase (EC 3.5.1.1.); VP - versatile peroxidase; XYL - xylase (EC 3.5.1.5). Diagram self produced using references from
[64-66]
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2.5.1.2. Bacteria
Many bacteria are capable of producing ethanol at low concentrations through the possession of
either the EMP or Entner-Doudoroff (ED) pathway. Bacteria capable of expressing greater than I
mol ethanol per mol of glucose are listed in the appendix in conjunction with strains known for
potential strain enhancement and development (see Tables 2 to 5 on Appendix pages 23 to 26).
Unlike eukaryotes, prokaryotes have the ability to express multiple end products, such as additional
alcohols (butanol, isopropyl alcohol and 2,3-butanediol), organic acids (acetic, butyric, formic and
lactic acid), polyols (arabitol, glycerol and xylitol), ketones (acetone) and/or various other gases
(methane, carbon dioxide and hydrogen) in addition to ethyl alcohol. The ethanol yield in
comparison to yeasts has demoted bacteria to a secondary role rather than as a preferential ethanol
fermenter [52].
Prokaryotes have a low solvent tolerance, with interruption of cell membrane structures and integrity
seen at low concentrations leading to necrosis [148]. Bacterial cells are susceptible to degradation
from alcohols with reducing cell viability relating to increasing alcohol chain length and
hydrophobicity. Production limitation is quickly reached with dose dependant inhibition seen
between 1% and 10% ethanol concentrations depending on strain/species. At concentrations of 15%
ethanol, immediate inactivation is observed in the majority of vegetative bacteria cells. The extreme
of bactericidal ethanol tolerance is seen in the genus Lactobacillus where L. heterohiochii and L.
homohiochii are seen to grow in concentrations up to and over 20% ethanol. However, whilst L.
heterohiochii and L. homohiochii have high ethanol tolerance, neither species has the ability to
ferment ethanol at commercial volumes [25, 149].
As with yeasts, many bacteria can produce ethanol through the EMP pathway, however in bacteria,
the ED pathways may also be used. Here, glucose is phosphorylated and then oxidised to 6-
phosphoguconate before dehydration occurs to form 2-keto-3-deoxy-6-phophogluconate (KGPG).
The KDOP is the cleaved by KDPG-aldolase, yielding 2 mol of pyruvate from 1 mol glucose and 1
mol ATP [52]. The phosphoenolpyruvate (PEP) generated in the EMP pathway may be catabolised
in different ways within the fermentation process, especially in facultative anaerobes resulting in
many diverse product formations. This can lead to the formation of formate, acetate, succinate,
lactate and 2,3-butanediol in addition to ethanol. This is shown in Figure 37. Only Zymomonas
mobilis can be regarded as a strict ethanol producer due to the primary metabolic product being
ethanol in a much higher concentration than other potential products [22,26, 150].
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The bacterium Zymomonas mobilis is regarded as a strict ethanogen. Much of the commercial
interest in bacterial ethanol production has focused on this particular microbe due to its high product
formation without inhibition and fermentation under aerobiosis conditions without restrictions due to
the Pasteur effect [52]. Optimal fermentation conditions (30-40°C and a pH 4.0-5.0), Z. mobilis
appears comparable to yeast in fermentation. However, the bacterium has sub-optimal usage of
sucrose, additional by-product formation (excessive organic acids, e.g. acetic acid, lactic acid) in the
fermentation with detrimental effects on ethanol recovery in down-stream processing. In
fermentations based on sucrose, secondary products of the polysaccharide levan (made up of fructose
units) increase the viscosity of the fermentation media, and sorbitol (a product of fructose reduction)
decreases ethanol production [26]. This disadvantage has limited the commercialisation of the
mesophilic bacteria in cellulosic fermentations due to the excessive sucrose liberated in hemicellulose
hydrolysis.
Z. mobilis expresses a high ethanol production capacity and relative tolerance (-8% w/v with
maximal strain tolerance seen at 12%,) due to the high levels of vaccenic acid seen in the plasma
membrane [148]. Further genetic modification work has been carried out to enhance the bacterium's
abilities.
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2.5.2. Yeast versus bacteria for glucose based ethanol fermentations
Microbial choice is based on performance parameters and ease of use. For a kinetic comparison
between bacterial and yeast fermentations, it is worth considering ethanol fermentation based on a
monosaccharide glucose substrate (see Table 13).
Kinetic parameter Z. mobilis S. uvarum
0.13 0.055
5.5 2.1 c
2.5 0.87c
0.019 0.033
0.47 0.44
92.5 86
102 108
Specific growth rate,1-I [h' ]
Specific glucose uptake rate, qs [g g.lh·l]
Specific ethanol production rate qp [g g.lh·l]
Cell yield, Y [g g.I]B
Ethanol yield, Y pis [g g.l]a
Relative ethanol yield [% ]B.b
Maximal ethanol concentration [g L·I]
Table 13. Kinetic parameters for Zymomonas mobilis and Saccharomyces uvarum on 2S0gL-l glucose media in non-
aerated batch culture (30De, pH 5.0).
• based on the difference between initial and residual glucose concentrations.
h a molar reaction stoichiometry of I glucose - 2 ethanol + 2 CO, has been assumed for a theoretical yield.
c kinetic parameters calculated for a fermentation run between 16 and 22 hours. the culture growing fully anaerobically [52].
Of specific interest for fermentation are; specific growth rate (Jt); specific ethanol production rate
(qp); and specific glucose uptake rate (qs)' In comparing the two microbes in relative fermentations,
Z. mobilis has the greater production capacity. With z, 2.4 times greater, qp 2.9 times greater and qs
2.6 times greater than those of S. uvarum. Z. Mobilis has a greater production potential [52]. With
ethanol production greater in the bacterium than the yeast counterpart, fermentation method variation
has been explored for maximal ethanol yield. In a continuous system, the bacterium has the greater
efficiency even with the application of cell recycle with a negative atmospheric pressure.
For SSF, SSCF and CBP (see previous sections), further parameters have to be considered for
optimal conditions (temperature range, pH range, alcohol tolerance, specific growth rate,
productivity, osmotic tolerance, specificity, yield, genetic stability and inhibitor tolerance) [2].
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2.6. Microwave irradiation
The development of microwave biology has been defined by three areas.
1) The development of the physical microwave system and the expansion of research from the
radio frequency wavelengths (specifically microwave wavelengths)
2) The implications of microwave irradiation on public health and biology.
3) The microwave effect in chemical synthesis and organic systems.
For the understanding of the process described in the research proposal, the three elements are
discussed with relevance to the PhD aims.
2.6.1. Microwaves and magnetrons
The term "microwave" defines a section of the electro-magnetic spectrum with frequencies between
300 MHz and 300 GHz, where the wavelength ranges from 1m to 1xlO·3m (see Figure 39). For
operational use, the frequency range is segmented into frequency bands (see Table 14). To exploit
the frequency bands, a microwave generator and aerial is required for transmission, and either an
antenna for reception or an absorptive material to receive the microwave energy. The key technical
innovation that has enabled the use of microwave technologies was the invention of the magnetron in
1940 by John Randall and Harry Boot, allowing the easy generation of wavelengths in the centimetre
and millimetre range (see Figure 38). Originally developed as a signal generator with military
applications in range detection during the Second World War, the magnetron has enabled the
exploitation and commercialisation of the of the microwave spectrum, opening up the field of radio
frequency science and engineering. Applications with mature exploitations include range finding
and guidance, medical diagnostics, domestic cooking and long range telecommunications.
Figure 38. Magnetrons· original 1940 Randall and Boot and a modern counterpart
Left; original 1940Randall and Boot cavity magnetron held in the London Science Museum. The cavity is the cylindrical object to the right
[Science Museum/Science and Society Pictures).
Right; Modem 2.45GHz magnetron [152]
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Figure 39. The electromagnetic spectrum (3x101 to >3x1024)
Area in red highlights the microwave region. The visible light frequency band (green) is highlighted for reference. [153]
Band identification L S C X Ku K Ka .......
letter
Frequency range (GHz) 1 - 2 2-4 4 - 8 8 -12 12 - 18 18 -26.5 26.5 - 40
Band identification ....... Q U V E W F D
letter (cont)
Frequency range (GHz) 33 - 50 40- 60 50 -75 60 - 90 75 - 110 90 - 140 110 - 170
(cont)
Table 14. Microwave band frequency identification
Identification shown by Radio Society of Oreat Britain nomenclature for the region of I - 1700Hz.
The application of interest in this study is the effect microwave energies have on biochemical and
biological pathways, and how the energy source can be applied to a reaction vessel in a controlled
manner. Work carried out in RP and microwave research post 1970 has been limited by two key
interlinked parameters; cost and frequency availability. The majority of commercial scale microwave
applications developed (where transmission of a generated signal is required), are at 2.45 GHz (S
band).
At low power outputs, small signal generators (-lmW - <lOW) are used for a broader spectrum of
frequencies for signal sweeping (typically for signal transmissions, material science and medical
diagnostics). In larger applications, the production of specific frequencies requires dedicated signal
amplifiers such as Travelling Wave Tubes (TWTs), magnetrons and klystrons with much narrower
operating frequency ranges.
Commercial frequency restrictions apply to avoid frequencies reserved for communications. Termed
Industrial, Scientific and Medicinal (ISM) frequencies and with particular focus on 2.45GHz (12.2
em), 900 MHz (33.3cm) and 27.12 MHz (11.05m) are reserved for research and commercial
exploitation. A summary of all ISM frequencies available is shown in Table 15. As 2.45GHz is near
the resonance frequency of water (depending on temperature), 2.45GHz has been extensively used
where dielectric heating is required. Where an application has to use a source with the possibility of
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interference, cost escalation is inevitable due to the production of a specific frequency generator, and
the shielding required ensuring the prevention of signal leakage [10, 154, 155]
Frequency range
Lower limit Upper limit Central frequency
6.765 MHz 6.795 MHz 6.780MHz
13.553 MHz 13.567 MHz 13.560 MHz
26.957 MHz 27.283 MHz 27.120 MHz
40.660 MHz 40.700 MHz 40.680MHz
433.050 MHz 434.790MHz 433.920MHz
902.000MHz 928.000MHz 915.000 MHz
2.400 GHz 2.500 GHz 2.450 GHz
5.725 GHz 5.875 GHz 5.800 GHz
24.000 GHz 24.250 GHz 24.125 GHz
61.000 GHz 61.500 GHz 61.250 GHz
122.000 GHz 123.000 GHz 122.500 GHz
244.000 GHz 246.000 GHz 245.000 GHz
Availability
Subject to local acceptance
Region 1 only and subject to local acceptance
Region 2 only
Subject to local acceptance
Subject to local acceptance
Subject to local acceptance
Table 15. ISM band availability in accordance to ITU-R in 5.138, 5.150, and 5.280 of the Radio Regulations
[154,156)
2.6.2. Microwave cavity designs and development
The basic design premise of any microwave system has to be the controlled irradiation of a sample by
a microwave source with even field distribution throughout the sample or reagents. The infrastructure
requirements for any microwave reactor are; a power source; a filter for signal generation; a
magnetron (or equivalent) for radiation source; a waveguide for waveform propagation; mode stirrer
(optional) for radiation distribution; and the cavity or waveguide for containing the microwave field.
The domestic oven typifies the system elements common across all applications (Figure 40) Variation
on the basic parameters, particularly for research and industrial use, has caused a number of key
parameters to show variation. These are shown in Table 16.
Mode Stirrer Wave Guide
====:l~~r~LMagnetrol Tuber----..,..,..,....I""T"~--__, (source 01 rlldl lIOn)
4--t--~--4-- OVel Cavtty
~~f-- Filter
Figure 40. Typical microwave equipment
[157)
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Factor Options Note
Frequency Typically UHF, S and X 900MHz, 2.45GHz and 8-l2GHz used in research for
production. Complete range used in materials researchband
Power mWtoKWorMW mW used in material analysis. kW to MW used for
commercial production.
Microwave source Continuous vs. pulsed
Monomode or multi mode Dependent on cavity physical structure. Mono used in
research and small scale.
Mode
Thermal Static set point vs. variable
Table 16. Variables in microwave research
Frequency
Due to cost limitations for novel microwave sources in large scale use, and the restriction to ISM
frequencies (particularly 2.450Hz and 900 MHz), industrial use has focused on the Land S bands. L,
S and X band have been used in research, sample analysis and small scale production. Higher
frequency waveguides for industrial and commercial use are less widespread due to the size
limitations incurred by the restrictive dimensions of the wave guide (see "2.6.2. Microwave cavity
designs and development" on page 74). For propagation, the waveguide has to be matched to the
frequency desired, according to the international standards for frequency response and waveguide
fabrication.
Frequency tuning to the resonant frequency of the molecule under investigation can significantly
reduce to the energy requirement by focusing the energy in a more efficient manner. Work carried
out within the UMU research group has used this method for sample analysis with low power, whole
spectrum sweeping for resonant frequencies for different materials (300MHz - 120Hz). By then
applying the resulting frequency to the sample, preferential heating can be attained with a lower
power input.
Power/microwave source
Domestic oven based microwave sources operate by Pulse-Width Modulation (PWM). The
irradiation is a function of the time (the Duty Cycle) when the microwave source is emitting. With
the magnetron working as an on/off source, the percentage of time emitting compared to resting
period will define the power output. This decreases the irradiation exposure time of the reaction
compared to the total reaction time. As such, quotations of powers in the PWM mode are not
representative of the peak irradiation power or time, but the RMS of the exposure (see Figure 41 for
illustration). Where the source has been used a t less than 100% of the maximum output, the actual
emitted radiation will be a function of the duty cycle duration and the number of cycles per unit time.
Where the cycle is long and irradiation times are short, the quoted power setting can be significantly
different from the actual energy supplied [11].
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Thermal
As quoted by Swicord et. al., [158] the thermal features of microwave exposure can be characterised
as;
"Thermal - temperature increase greater than> 10K
Non thermal - a temperature change of <10K
Athermal - no measurable temperature increase"
By looking at the terminology in energy transfer terms, the phrase "thermal" implies a system where
supplied energy equates to an increase in bulk temperature, regardless of thermal efficiency.
Therefore ~T = >0, and Q = >0 (where Q is heat exchange with the surroundings). This is considered
to be an adiabatic system. By contrast, "non-thermal" or "athermal" implies a system where the bulk
temperature has negligible temperature change with differentiation only defined by linguistic
terminology.
A more accurate term used is the "isothermal" terminology of reactions concerned with
thermodynamics where the bulk temperature is maintained at a controlled set point. The assumed
conditions is where ~T = 0 across the whole experiment. This can be maintained where the thermal
energy (or induced thermal) input is balanced by a heat sink for energy removal. As such, the ~ T = 0
but Q :t; 0 while in a adiabatic process, ~ T :t; 0 while Q = O. As such, the term "isothermal" is used in
preference throughout the study.
The parameter dominant in thermally controlled reactions is temperature control independent of
microwave power. In experiments where the reagents or reactant has a thermo stability optimum, to
maintain the optimal temperature the microwave source is often used as the controlled variable, where
pulsing or modulation of the microwave source is used to maintain a constant temperature. Without a
cooling system for sample thermal stability, the microwave operating in the pulse mode will not
represent the power setting selected. In addition, many temperature controlled systems use an initial
heating ramp to attain the desired temperature, (depending on the sample size and control system
72
used). Overshooting the desired temperature is a common limitation, particularly at temperature
ramping, and has been observed though experience using CEM Explorer devices, which use a fuzzy
logic control system. In the CEM system, the initial ramp is through a high microwave power output
until the heating gradient can be determined before reduction of power through duty cycle variation
until a continuous power level can be achieved for temperature stability. In systems where
temperature set point is the controlled variable, determination of microwave power variable can be
difficult, misleading or impossible without a separate isolated thermal control [159].
The three plots shown in Figure 42 show an experiment progression in a CEM explorer, where the
desired reaction is the maintenance of 150°C for a hold period of 10 minutes. Pressure build up is a
result of fluid expansion in the sealed vessel. The reactant used in this example is pure water for
determination of heating curves and CEM performance. Noticeable in the plots is the expected
heating of the water, controlled by fuzzy logic feedback on the microwave source. Initial ramping is
achieved by the application of approximately 200W power before reduction of power once the heating
rate could be determined. Temperature maintenance is seen at a lower power level (lOO - 130W),
with variation through nearly the whole experiment exposure period. As the temperature is a function
of microwave power, the fuzzy logic controller would continually adjust the irradiance until a low
power variation could maintain the temperature set point. In this experiment, the exposure time is too
short for determination.
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Figure 42. Microwave power, reaction temperature and pressure using a CEM Explorer
Data provided by Professor D. Phipps as part of a complimentary project to this study. Data is not shown as analogous to the study
conducted but to show variation of microwave power in an isothermal reaction. [160]
EM wave propagation (Mode)
The electromagnetic wave propagation down through the physical waveguide section is termed
"mode," where the mode describes the degree of freedom the microwave wave has within a
waveguide/cavity system. In both monomode and multimode configurations, the wave is formed at
the aerial and propagates along a waveguide of defined dimensions, set by the required frequency.
These dimensions correspond to the bands as identified in Table 14.
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In monomode configuration, the waveguide dimension is consistent with the wavelength to form
uniform wave patterns within the waveguide. The sample is placed entirely inside, or transverse to,
the waveguide with the sample for exposure concentrated within the microwave field at a location
where the intensity is at its greatest. The advantage of monomode operation is the focusing of the
wave beam at a particular location or sample. This is ideal for exploratory work where samples are
typically small or a high field density is required. The disadvantage is scalability. As the frequency
used is related to waveguide size (where a higher frequency relates to a small cross sectional
dimension) the sample size has a physical limitation. A number of companies (CEM Corporation,
Milestone S.LI, Anton-Paar GmbH and others) have specialised in the production of microwave
reactors in the monomode operation for research and refined high value small scale product
manufacturing [161].
The alternative to monomode IS multimode, where materials being irradiated can have larger
dimensions than the size of the waveguide. This is done by using resonant cavities. The principle
mechanism in multimode is the scattering of the microwave beam around the cavity through the use
of a mode stirrer or by cavity design. The scattering dissipates the microwave energy throughout the
cavity, reflecting off the cavity walls allowing energy extinction and/or amplification. Although
energy density decreases per unit volume, operation of larger or complex reaction vessels can be
achieved [161]. For illustration, see Figure 43.
Figure 43. Monomode and multi mode cavity princ~ples. .. . .
Simplified rendering of a monomode (top) and multimode (bottom) cavity design. The block coloured green IS the microwave source.
Block coloured orange is the sample being investigated. Sample is shown is transverse to the waveguide axis.
Due to the nature of each cavity incurring "hot spots" and "cold spots" caused by constructive and
destructive interference of the microwave field, uniform distribution is achieved by either movement
of the sample through the field (liquid agitation or rotation of the solid) or by the use of a mode stirrer
to disrupt the microwave irradiation and scatter the beam around the cavity. Figure 40 (page 70)
shows what would be a domestic oven with a mode stirrer placed within the waveguide above the
solid being heated, inferring that the cooking plate would be static. The alternative mode of operation
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(and frequently seen in modern domestic ovens) would be by rotation of the cooking plate. For
industrial and commercial use, the movement of the subject may be undesirable (for example in
curing, irradiation of liquids which have to maintain phase separation, or where shearing forces would
be derogatory to the sample) therefore the use of a mode stirrer may be preferable.
2.6.3. Application of microwave energy to chemicallbiochemical reactions and
biological systems.
Time
frame
Scientific development (chemicallbiological
interactions)
Technical innovation
1890's·
1940
Microwave detonation of gunpowder (Bose 1894).
1940-
1970's
1975
onwards.
1980's
onwards
Recent
years
Pioneering work in the application of RF
and microwave work. Demonstration of
public radio (Tesla, 1893),
commercialisation of RF. Blue sky research
of MICROW AVE. Limitations of high cost
and refined manufacturing of microwave
sources.
1940 - Development of the magnetron
(Randall and Boot). Predominantly military
research for the applications of
telecommunications and electronic warfare,
based on the development of the magnetron.
Commercialisation of the domestic
microwave oven. Reduction of cost of
magnetrons and control systems
Applications in domestic communications.
Advent of cellular telephone networks, WiFi
and wireless technologies.
Movement way from modified microwave
ovens to bespoke scientific microwave
reactors.
Earliest examples of alternating field research on
biological systems from the 1950's onwards. First
human death attributed to microwave irradiation -
1957. Research into public health with high power
microwave transmitters. Research based on
bespoke cavities or horn transmitters. Analytical
research into microbial spore viability,
frequency/power/dose correlation to CFU viability
First published peer reviewed paper of the use of a
domestic microwave as a laboratory tool (1975).
Domestic microwave ovens, modification of a
domestic microwave oven, or laboratory
microwave ovens based on domestic oven
construction used extensively due to low cost.
Increased commercial and industrial adoption of
microwave irradiation in the food industry as bulk
sterilisation and cooking methods.
Start of chemical synthesis with microwave energy
Impact of mobile phone radiation with human
tissue.
Continued research into the microwave
enhancement of synthetic chemistry. Isolation of
the microwave field effect from the thermal effect.
Cavities designed for specific applications.
Figure 44. Chronological order of key microwave developments
[162-1661
Experimentation prior to the availability of commercial microwave ovens was through the use of
either a horn antenna (Figure 45) or bespoke experimental microwave cavities. Post
commercialisation, an early adoption of the domestic microwave oven in the laboratory was as a tool
for the dehydration of biological samples. The drying of samples that would have taken many hours
on a hot plate could be achieved within an hour through the use of the microwave oven [167]. This
low cost entry point for analytical use has been based on the availability of cheap domestic
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microwave ovens. Much of the domestic ovens' fabrication and controls have been adapted for
research purposes. Experiments have been conducted in conventional domestic fixed size cavities,
with either the rotational plate used for even field distribution throughout the sample, or a
modification for either a magnetic or coupled shaft agitator. Power settings have been based on the
original arbitrary microwave power setting of defrost, low medium and high [168].
Figure 45. Modern horn antenna
Broadband microwave hom antenna. Its bandwidth is 0,8 - 18 GHz. The coaxial cable feed line is attached to the connector visible at top.
This type is called a ridged hom; the curving metal ridges or fins visible inside the mouth of the horn reduce its cut off frequency, increasing
the bandwidth. Taken from [169].
For research into microwave applications, multidisciplinary approaches have only gained momentum
in recent decades (1970's onwards). The majority of chemical reactions conducted in early
microwave investigations by chemistry departments were dependent on the modification of available
equipment for use (particularly at 2.45GHz). An early development for microwave enhanced
chemistry (MEC) was the closing of reaction vessels allowing rapid temperature rises to pressures
above atmospheric. This reduced the reaction times of many thermobaric dependent reactions and has
gained wide spread adoption into R&D and commercially [170].
As the use of microwave has moved into both the food production and fine chemical production
processes, larger and more advanced microwave designs have evolved, all based on the same basic
components. Applications frequently exploit the resonance of water for thermal effects, with
temperature rise (either heating or thermal sterilisation) or volatilisation being the desired effect. In
the fine chemicals industry, temperature control is the desired parameter in addition to the reduced
production times observed under microwave influence. Figure 46 and Figure 47 shows the diversity of
microwave currently microwave designs with both research and commercial examples seen. With
critical evaluation of the work being conducted, a niche market for research high quality, tuneable and
controllable microwave reactors and waveguides was established allowing greater control.
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(a) (b) (c) (d)
Figure 46. Research microwave reactors
Mono-mode microwave ovens from (a) CEM, (b) Biotage and multi-mode microwave ovens from (c) Milestone and (d) Anton Paar [161]
Figure 47. Industrial microwave reactor
Left; industrial microwave irradiation (900MHz) for food production (cheese manufacturing shown) [171]
Right; Industrial conveyer belt oven (2,450Hz) by Sairem for multiple applications (Bacon cooking shown) [172]
2.6.4. Microwave/chemical interactions
Microwave irradiation of chemical (and by extension biological) reactions have been credited to either
the thermal or non-thermal effect, where the boundaries between the two mechanisms are often
debated and contradictory. As a method of inducing dielectric heat, the microwave influence occurs
through the application of an oscillating electromagnetic field, inducing rotation of dipolar molecules.
As the microwave oscillation is much greater than the rotational speed of the dipole, the resulting
intermolecular friction converts some of the electromagnetic energy into thermal energy (Figure 48).
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Figure 48. Dielectric excitation of water molecules. ,
Effects of microwave energy on the reaction mixture to aqueous media [173].
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The dielectric properties are correlated with the molecules' ability to absorb microwave energy,
increasing the dielectric by substituting the solvent of choice affects the microwave influence. Of
particular interest in this study is the basis of an aqueous system where water has the dielectric
constant of s, 80.1 at 20°e. In this instance, water is being used as the fluid of choice due to the
solvent volume required and used throughout the process [174]. In microwave engineering, this is
termed dielectric heating, whereas in the natural sciences, it is often referred to as diathermy (heating
induced by electric fields).
The energy provided through a microwave source at 2.45GHz corresponds to a microwave photon
energy of 1O·5eV. As the energy required to disrupt hydrogen bonds is between -0.04 - 0.44eV, the
energy provided is well below what is required. For comparison covalent bonds require -3.82eV and
ionic bonds require -7 .6eV, showing that microwave energy applied directly to the substrate or
reagents lacks sufficient energy to cause direct bond disruption [161]. Table 17 shows the quantum
energy transmitted by frequency in comparison to bond energy.
Radiation type Frequency Quantum Bond type Bond
(GHz) energy (eV) energy (eV)
y-rays >3.0 x 10 1.24 x 10 C·C 3.61
X-rays 3.0 x 10" 1.24 x io' C=C 6.35
ultraviolet 1.0 x 106 4.1 CoO 3.74
Visible light 6.0 x io' 2.5 C=O 7.71
Infrared light 3.0 x 103 1.2 X 10.2 CH 4.28
Microwave irradiation 2.45 1.6 x 10.3 OH 4.8
Radiorrequencies I x 10.3 4.0 X 10.9 Hydrogen bond 0.04-0.44
Table 17. Quantum energy values by frequency and bond energy.
In the instance of microwave heating through excitation of a polar molecule, the application is an
exploitation of specific heating mechanism and not directly alteration of any physical parameters.
Any alterations observed would be accounted for through thermal energy lowering the activation in
the reaction. Where the original application used thermal heating. requiring a conventional heat
source and a method of heat exchange, the use of microwaves has been seen as a method of direct
heating with higher efficiency and reduced operating cost.
Contrary to the thermal application is the non-thermal effect, also referred to as isothermal, the
microwave effect or specific effect. Although a controversial area of research due to the different
schools of thought (a qualifiable, discernibly different mode of action compared to a specific
application of the thermal effects), an observation that solvents have the ability to be heated in excess
of their boiling points without phase transition (supercritical) has pointed to an alternative mechanism.
Due to the retardation of nucleation, this has suggested a non-thermal mechanism where the molecular
temperature can vary from the bulk temperature (localised microtherrnal effect in comparison to the
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macro or bulk thermal temperature observed). Where microwaves are employed at subcritical
temperatures, investigations have indicated an increase in reaction rate at temperature points that
cannot be attributed to the microwave system superheating reagents. This has led to the idea a field
effect distinct from the thermal effect exists. In chemical interaction, the non-thermal effect is likely
to be considered through localised amplification of Fickian motion and localised thermodynamically
driven collisions, whereas in biochemical reactions, it is likely to be through the modification of
ligand interactions (see subsequent sections for description).
2.6.5. Microwave chemistry and applications in biochemistry, catalysis and
fermentation
RF and microwave interaction with chemical, biochemical and biological systems has grown in the
past 50 years. In respect of biological interactions, in excess of 1700 peer-reviewed papers have been
published according to the World Health Organisation (WHO) research database, predominantly with
focus of consumer and domestic uses. The studies compiled in the database comprise of
epidemiological, human, in vivo and in vitro studies in the English language. The database does not
include non-English language publication to which a large number of papers should be included [158,
175]. Restricting the search to ISM frequencies results in 254 published reports with varying
relevance to this study.
The ignition of gunpowder by 1. C. Bose (in either 1894 or 1895) is the earliest citied example of mm
range microwave chemistry, shortly after the first public demonstration of radio by Nikola Tesla in
1893 [162]. Between the 1890s and the 1940s, microwave interactions with chemical and biological
systems became a niche research area in comparison to research in the radio frequency range (3xl03-
3x108Hz) due to RF's lower technical barriers to research. Post Second World War, the mass
production of the magnetron and the post war surge in research associated with both ionising and non-
ionising radioactive and irradiating source prospered. Prior to 1950, biological interactions were
being investigated in the radio frequency range with notable early published work done by Ingram and
Page in 1953, with the irradiation of S. cerevisiae, E. coli, tobacco mosaic virus (TMV) and
bacteriophage T4 in high frequency voltage fields (10 or 20MHz, up to 12 minute exposure) [163].
The review paper written by Chipley in 1980 outlines a comprehensive inventory of experiments
carried out through the early advent of microwave and RF research on biological system. Although
the review gives a detailed list of the species irradiated in each experiment, the conclusions drawn can
be misleading due to the variability of irradiation methods, compromising comparisons between
experiments [164].
One of the crucial areas of note is the observation of microwave heating in each microbial or
biological experiment. Where each organism has been exposed to the energy field, the heating effect
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mayor may not have been nullified, suggesting exposure through the use of a horn antenna or cavity
system over an aqueous, temperature controlled system (details are frequently omitted or equipment
references are no longer supported). Following short exposure periods (for the prevention of sample
dehydration and/or over heating), the organisms are typically cultured onto a media for the
determination of colony forming units (CFU). On the culturing, the quoted CFU value is given as a
response to the exposure [164].
The detrimental effects of microwave irradiation at 2.45GHz at high powers are well known, and
subject of many investigations due either to the prevention of death (human safety) or the promotion
of death (microbial sterilisation). An intermediate position has also developed of mutagenesis
through microwave exposure, used as a method of selection pressure for microbial strain
development.
The effects of RF and microwave energies on the human body gained particular attention through the
development of increasingly powerful military applications through the 1930's to the 1950's and
beyond. In 1957, the medical doctor John T. McLaughlin of Glendale California cited the first case of
human mortality directly attributed to exposure to microwave radiation. The case study cited is of a
42 year old American microwave technician, who stood directly in the beam of a military radar
transmitter, within 2 meters of the antenna face for less than one minute exposure. The frequency and
power of the transmitter are not disclosed due to military security, however from the publicly known
data it can be surmised that the power was in the 2.5 megawatt range. By comparison of the injuries
to those observed in the test sample provided by animal experimentation on rabbits, death was
attributed to the heating effect of the water molecules within high water content tissues causing an
inflammatory response leading to shock and ultimately death [165].
From increased research in the biological interactions with 2.45GHz microwave sources, the exact
molecular mechanisms discussed later underpin the potential mechanisms seen in this study. The
mechanism of death is likely to be through internal heating causing biological stress, triggering heat
shock proteins (HSPs) to start the inflammatory response. Work carried out by Laurence et. al.
looking into the conformation of proteins in pulsed microwave fields. Their work describes the
mechanism in detail, by the application of theoretical modelling to support their conclusions based on
the HSP response. Of greatest significance is their description of the atypical lack of linear dose
response [166]. Many further non-fatal incidents have been reported with the widespread use of
domestic microwave ovens.
A beneficial development of the human-microwave exposure has been microwave frequency radio
therapy methods for the destruction of surface tumours. Microwave radiotherapy has the ability to
induce HSP stimulation in tumour cells by hyperthermia and localised cell necrosis without
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toxicological side effects. Studies conducted by Giombini et. al. [176] has shown the effectiveness of
434 and 915MHz in conjunction with conventional radio and chemotherapy. With the application to
human tissue, the dielectric properties of muscle and connective tissue favour microwave adsorption
over the fatty tissues. This is due differences in moisture content between tissues, allowing targeting
of the cancerous mass without excessive damage to surrounding tissues. The treatment has also been
shown to increase circulation in the immediate treatment area aiding the clearing of cell debris in
combined chemo and radiotherapy treatments
With the reduction of technical cost, the range of frequencies and powers investigated has increased.
Whereas previous focus was on high power transmitters and their implications on human health, there
has been increasing interest in the localised effects from low powered microwave sources due to the
prevalence of mobile phones and wireless communications. A particular concern has been the
proliferation of mobile phone use where a RP system is in close proximity to biological tissues for
long exposure periods. A comprehensive review by Moulder et. al. in 2005 showed;
"Extensive in vitro studies have found no consistent evidence of genotoxic potential, but
in vitro studies assessing the epigenetic potential of RF energy are limited. Overall, a
weight-of-evidence evaluation shows that the current evidence for a causal association
between cancer and exposure to RF energy is weak and unconvincing. However, the
existing epidemiology is limited and the possibility of epigenetic effects has not been
thoroughly evaluated, so that additional research in those areas will be required for a
more thorough assessment of the possibility of a causal connection between cancer and .
the RF energy from mobile telecommunications [177]."
In vivo and in vitro laboratory based studies and statistical analysis of epidemiological studies have
drawn similar conclusions. At the time of writing this thesis, the recent report published by Frei et. al.
in the BM] concludes evidence consistent with the claims held by Moulder et.al. and a whole host of
others [9]
One of the crucial areas of note is the observation of microwave heating in each microbial or
biological experiment. Where each organism has been exposed to the energy field, the heating effect
mayor may not have been nullified, suggesting exposure through the use of a hom antenna or cavity
system over a temperature controlled system (details are frequently omitted or equipment references
are no longer supported). Following short exposure periods (for the prevention of sample dehydration
and/or overheating), the organisms are typically cultured onto a media for the determination of colony
forming units (CPU). On the culturing, the quoted CPU value is given as a response to the exposure
[164].
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With the development of refined controllable microwave control systems and cavities, it is only in
recent years that the investigation of the microwave field effected isolated from the thermal effect has
come to the fore.
At a sub-cellular level, the investigation of enzyme interactions has been divided into two categories:
(i) enzyme activity measured after microwave exposure (Le. the enzyme buffered solution
was exposed to the microwave irradiation at a fixed temperature and periodically, enzyme
samples were taken and reacted with a substrate out of the microwave field) or
(ii) enzyme activity was measured during microwave irradiation (Le. the enzyme reaction is
carried out with substrate within the microwave field and samples withdrawn for progress
analysis).
A range of experiments on enzyme catalysis are shown in Table 18 on page 84 [174].
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2.6.6. Microwave and biofuellcellulase research
Research into the interaction of microwaves and biofuel production has been pretreatment centric. In
addition to this, the terminology used has been misleading. The literature search conducted has
focused on the terminology of microwave degradation, microwave enhanced and their application to
biological systems (whole cell and protein alteration) and biofuels.
Definitions
Hydrolysis/saccharification;
an intensification or amplification of an effect already observed
the breakdown of a material or substance
Any process applied to the biomass prior to the addition of enzymes
for hydrolysis.
the process of reducing the degree of polymerisation of the cellulose
fibre.
Enhanced;
Degradation;
Pretreatment;
The use of microwave energy as an alternative to thermal energy is desirable due to the specificity of
the energy used. Microwave energy has the consequence of increasing specificity of heating by fluid
tuning to the selected fluid, thus reducing operating costs. With simplistic application, this has led to
a surge of research looking at the effects of classical chemical methods of de-lignification under
microwave irradiation with favourable results. This approach has been seen extensively in pre-
treatment although no adoption in industry has been seen. From work done at LJMU in a comparable
technology, scalability of the complex microwave/thermallfluid dynamics have shown to be the
limiting factor.
The focus of this research is in the enhancement of cellulose hydrolysis. Specific information into
research of cellulase enzymatic enhancement is scarce, therefore other microwave irradiated enzyme
systems have to be considered and evaluated.
One frequently referenced experiment with direct relevance to this research project is the work
conducted by Zhu et. al. on the effect of microwave irradiation on enzymatic hydrolysis of rice straw.
In this study, both the rice straw and the enzyme were subjected individually to microwave
irradiation, although the experiment (particularly the enzymatic irradiation) is fundamentally flawed.
In the protocol described, the enzyme hydrolysis is conducted in 300mI flasks with lOOmIworking
volume, maintained within a water bath at a steady state temperature of 45°C for 7 days. Microwave
irradiation was conducted through the removal of the flask, cooling and irradiating through placement
in a 300W microwave oven for 15 seconds before return to the water bath every 2 hours [189]. The
result of the experiment was an observed increase in cellulytic rate with a lower total yield - Figure
49.
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Figure 49. Comparison of microwave irradiation-free hydrolysis and intermittently treated by microwave irradiation
(a) control (microwave irradiation free hydrolysis), (b) hydrolysis intermittently treated by microwave irradiation [189]
In the quoted figures, Zhu does not quote the initial rates; therefore the assumption has to be made
over the first integer of a day. Using an approximation of the initial rate by reading the data from the
graph, the apparent reaction rates of 0.133gr1h{1 and O.lgr1hr-1 for the control and irradiated
experiments can be suggested. If this is correct, the influence of the microwave irradiation (total of 3
minutes over the first 24 hours) will have increased the initial reaction rate by 33%. On an energy
balance, this would equate to lSWh{l.
On the assumption that the experiment was conducted with a continuous sampling method, repetitive
sampling would equate to a total exposure time of 21 minutes over the entire time period of 168
hours. As a percentage of total reaction time, this is equal to 0.21 % within the microwave field. Zhu
goes some way to control thermal profile through the use of a water bath. Cooling prior to
microwave irradiation allows for a greater tlT increase in the microwave field. By conducting the
experiment in this manner, Zhu tries to address the issue of diathermy and preventing the
denaturation of the cellulase enzymes.
As a critical assessment of the experiment, the conducting of the experiment in the microwave oven
and thermal control through the cooling of the reaction prior to microwave heating is insufficient to
draw qualified conclusions against a thermal analogue. The temperature profile of the experiment
will not be linear, therefore the reaction rate will vary with temperature, causing artefacts in the data.
The negative control used is assumed to be a comparative hydrolysis experiment conducted on a
thermal basis parallel to the irradiated experiment. As the negative control would not be able to be
conventionally heated at the same rate as a true thermal analogue of the microwave heating (and the
authors do not qualify how they controlled the negative control thermal profile), the reference values
will naturally at variance from the irradiated experiment.
As an example of a possible mode of action in relation to rate and temperature, Figure 50 shows a
suggested profile. For the representation with minimal data from the research group, the assumed 1'1T
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for 15 seconds irradiation is 15°e where cooling reduces the temperature by ~T lODe and return to
45°e is through natural cooling. On the assumption that irradiation does increase rate, the rate curves
have been shown with a -5% rate alteration for cooling and an increase of 10% above baseline for
irradiation with a return to base line within 5 minutes post irradiation. From the graph shown, it can
illustrate how small amplification may accumulate to an overall increase in rate.
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Figure 50. Suggested rate and temperature profiles for work conducted by Zhu et. al.
Further to the intermittent nature of the exposure, the oven used is likely to be pulsed. The
microwave quoted (a WD700 (MG-5062T) from LG Electronics Tianjin Appliances Co., Ltd,
Tianjin, PR China) is not documented online for cross referencing.
Research conducted by Laurence et.al. has investigated the effect of pulsed rmcrowaves m an
electromagnetic field on the conformation of proteins, and has proposed a nonlinear response
scenario. As stated previously microwaves at 2.45GHz does not have the energy required for the
breakage of hydrogen bonds (see Table 17); however the paper presented describes how the
electromagnetic field can alter the structural conformation in athermal conditions. The model is
based on the principle that the heat shock protein is triggered via transient heating of the protein and
its close environment under irradiated conditions.
The research was a response to the findings by Daniells et. al. [194] showing that using a pulsed
microwave at 750MHz, heat shock genes were activated. Of more significance was the general trend
of increased activation at lower power levels, contrary to the expected activation from a thermal
stimulus. Daniells' paper alludes to the idea of a response correlating to a protein structural alteration
by a mechanism other than heating. Based on the stress-inducible reporter gene p-galactosidase from
E. coli, the response curve presented shows an activity peak at 750MHz and 24dBm (250mW) over
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values reported at 21dBm (12SmW) and 27dBm (SOOmW),where all conditions are thermally
identical. Where the frequency applied is 300MHz, the trend presented is of the greatest
amplification at 21dBm and a decrease through to 27dBm where the rate has returned to the
normalised control (see Figure 51).
40~------------------~
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Figure 51. Effect of varying power and frequency settings on the microwave response
"Replicate Petri dishes (9cm) were exposed overnight (16hrs) to either 300MHz or 750MHz at power settings of 27, 24 or 2ldBm. Because
of variation in the 25°e control values following different exposure regimes (possibly reflecting temperature fluctuations in the incubator),
each set of microwaves-exposed dishes has been compared against its own set of 200e controls, arbitrarily normalised to 100% (solid
horizontal line). The variance in each control set has been taken into account in the statistical analysis. Each point represents the mean
±S.E.M. from 8 replicate assays in 2 separate runs. Open circles, solid lines: response at 750MHz. Filled squares, dashed lines: response to
microwaves at 300MHz." [194]
Daniells' conclusion draws on the stimulation of the HSP gene without the temperature increase,
where the normal trigger threshold is 28°C, and with the use of lower frequency away from the
resonance frequency of water. The research shows that by removal of direct and accountable thermal
parameters, activation is accomplished, holding strong evidence of the athermal microwave effect.
The nonlinear response shown in Daniells' study is theorised by Laurence to be related to the protein
folding and relaxing under different microwave powers and the pulse response time related to the
speed of protein folding/unfolding. The hypothesis offered by Laurence states;
"At low power levels, a partial unfolding of specific target protein(s) occurs, which
will be insufficient to induce the stress response, but sufficient to alter protein
function.
At higher power levels, a more unfolded (molten globule) conformation is induced.
The stress response will be activated, protecting the protein, and preventing an
observable biological effect.
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At very high power levels protein aggregation and precipitation occurs, and despite
the activation of the entire stress response, a catastrophic biological effect (eg. Cell
death) will be observed [166]."
Extending this hypothesis to other proteins is very subjective as each protein will respond in different
manners according to a variety of factors, including; hydrophobicity, protein size, number of
posttranslational modifications (PTMs), amino acid composition, conformation rigidity, resonant
frequency (macro and micro structural), surrounding solvent environment, temperature and pH.
Looking at work beyond the field of cellulases but into the field of protein behaviour under
irradiation in general, work conducted by Porcelli et. al. [190] looked at the non-thermal effects of
microwave irradiation of thermotolerant enzymes as a model system and has taken precautions to
remove the thermal effect. The enzymes investigated were S-adenosylhomocysteine (AdoHcy)
hydrolase and 5' -rnethylthioadenosine (MTA) phosphorylase, purified from Sulfolobus solfataricus
and irradiated at lOAGHz for a varied time periods with Tmax = 39°C. For separation of the thermal
and microwave effects, the system used employs what is assumed to be an X band waveguide with
the sample tube loaded along the waveguide's axis and surrounded by a water jacket at 30°C.
Irradiation of the samples and thermal negative controls were conducted at a temperature range of 70-
90°C where the microwave is also used as the heating source. There is no reference to the microwave
mode of operation. From the research conducted, the observations noted the deactivation of both
enzymes with increasing microwave exposure time and microwave power. Through fluorescence and
circular dichroism measurements the research group concluded that the microwave irradiation had
induced protein structural rearrangements not related to temperature.
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Conclusion
From the background research conducted, there is an apparent cross over between biological and
microwave fields that have given glimpses of an alteration of a biological system by irradiation.
Work by Zhu et. al. [189], the irradiating of cellulase enzymes in a semi-controlled manner, has
shown particular prominence. The research conducted has shown a great variability in irradiative
methods without any prominent method of separating the microwave effect from the thermal effect.
The discussion of biofuel and fermentation saccharide demand, the requirement for technologies to
unlock the saccharides contained within biomass that are ordinarily only available to a selection of
fungal, bacterial and plant species has been explained. With these feedstocks, the obligations of
second generation biofuels can be addressed without impinging on food stuffs for nourishment. This
has led to the deeper understanding of both the lignocellulosic feedstock and the enzymes that
naturally degrade the substrate.
Of significance is the mode of action of the CBH, EGL and BGL enzymes, with acknowledgement of
the SWO protein within the plant fibres. Due to the unusually nature of the enzymes being bound to
the substrate they hydrolyse, the low yield and slow rate has been explained as the key sticking point
in hydrolysis efficiency.
As saccharification is only a unit operation in the production of fermentation products, the coupling
of the saccharification to the fermentation system has been described through the processes of SHF,
SSHF, SSCF and CBP.
With consolidation of processing and with the dominance of the Saccharomyces spp. in fermentation,
the choice of ethanogen and merit of each system are explained by biochemical pathways.
With respect to microwave technologies, the background research shows the development of the
microwave system from a biological perspective and where microwave technologies have been
studied for either biological enhancement or destruction.
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Chapter 2.
Conclusions
3.0.0. Literature, theoretical and mathematical methods
An extensive literature search using a selection of tools was undertaken to provide a background upon
which the practical work could be constructed and directed. The task undertaken can be broken
down into its constituent parts. Expanding on the traditional journal literature search, the use of
database-driven websites designed for user input and interaction has allowed not only information
searching and recall but also exchange, development and recording.
3.0.1. Literature searching
For the research discussed, peer reviewed journals from reputable publishers are used for the
justification of the discussion points raised or referenced in this document. For journal access, the
Universities' licences for Elsevier were utilised through the ScienceDirect portal. Other journal
databases periodically used were; arXiv, Biological Abstracts, Information Bridge: Department of
Energy Scientific and Technical information; JournalSeek; PubMed; Science Accelerator; Scirus;
Scorpus; SpringerLink and Web of Knowledge. Generic searching through the Google Scholar as
well as Google books and various open access portals was also used.
Due to the publication field being limited by university subscriptions, many papers were sourced
through various means and search parameters returning results that weren't necessarily available
online. Inter library loan requests were used for access to specific papers that were behind pay walls.
Selections of journals with key research focus in the remit of this thesis were quickly identified.
Through accessing these journals directly, further relevant research papers were identified and the
journals revisited. Citation notification has been used for a number of key texts where newly
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published reports are alerted to through email notification. Searching with the use of MESH options,
tags and meta data has also increased literature search efficiency.
Due to the rapid expansion of the biofuels research area and the social-eco-political issues
surrounding it, key operator terms were used when searching outside the usual journal access portals.
Due to bias potentially present in Blog entries and the uncertainty of the author's authenticity, citing
Blog entries was avoided except where authenticity can be assured - such as domain names registered
to reputable entities, or with the educational/research domains such as .ac.uk. Where possible, the
journals highlighted in any given Blog were recalled and cited as a primary source over the Blog entry
itself.
In addition to the literature searching conducted, other methods have been used, including the
submission of conference papers, completion of the patent based on this research and numerous
seminars, workshops, project presentation, site visits and industrial collaborations. These are
summarised in the Appendix (pages 28 to 30).
3.0.2. Referencing methods and database compilation
The reference database was compiled exclusively with Thomson Reuters Endnote X4, and
organisation of a PDF journal database on an external hard drive for portability between work
locations. Downloading of PDF documents from the majority of database portals generated file
names of little relevance to the document title. Therefore, at the point of download each file was
renamed with the document title. Nearly every journal database now offers a citation management
option (.ris, .cif, .txt or .enw file extensions). Loading into EndNote, automatic citation compilation
was quick and efficient. Only a minority of citations required manual entery. EndNote has the option
of linking the citation entry to the PDF location allowing for journal database searching through
author, tag, key term, key word or date.
In addition to the use of EndNote, Copernic Desktop Search Utility was used on personal computers.
By indexing of hard drives with the Copernic Desktop search utility, quick searching of file systems,
emails and documents by key terms of all files within the index was achievable.
3.0.3. Modelling and mathematical tools
For the development of the microwave bioreactor, a conceptual prototype was produced from the
materials available within the university. In trials using the reactor and with limited development, the
prototype showed that microwave propagation into the reactor was being efficiently achieved with
little modification. A limited amount of modelling was completed through the use of HFSS (High
Frequency Structural Simulator, by Ansys Corp.) for the cavity design to ensure efficient microwave
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propagation. Although the software package allows for the modelling of field, heat and fluid
dynamics, only microwave field dynamics were of consideration in this study. Retrospective analysis
of the system has been limited by the nature of the system due to the HFSS model assuming a
'perfect' condition. The complexity of the bioreactor internal furniture is prohibitive to modelling at
any degree of resolution due to both processing power and man-hours needed. Therefore this has
been identified for further development.
3.0.4. Digital imagery
Although not a main research tool, digital imagery has been used to record the reactor design,
fermentation progression and cell density studies. Digital cameras used have been appropriate for
their point of use; a mobile phone camera has been sufficient for daily lab based observations; a
compact camera has been used for presentation imaging; and a dSLR used for microscopic and
presentation images. Image compilation has been through exporting all images to a central file
system for storage. Where image manipulation has been required, either Adobe Photoshop or Jasc
PaintShop Pro has been used depending on computer system used.
3.0.5. Digital data management
To manage all digital resources, a hierarchical file management tree was constructed. A consistent
filing nomenclature was used of date and file name (yyyy-mm-dd - title) with date altered according
to file saving date. The exceptions to the rule were the compilation of the journal databases (by
journal title) and Excel sheets where Macros links were dependent on file name/location.
HPLC data was transferred from the HPLC system computer over the University network through the
use of WinSCP to a personal server space with data flow only away from the HPLC PC. From the
server and through the use of WinSCP, HPLC data could then be studied and manipulated at other
terminals. Data from stand alone computers were transferred through the use of memory pens.
A portable HOD acted as the central repository of all data to prevent multiple copies of the same sheet
being accessed simultaneously. Where access was required while away from the PC connected to the
HDD, remote access was conducted through Windows Remote Desktop within the VPN. LogMeIn
was used outside the VPN. To ensure data security, the disk was regularly backed up for archiving
with periodical DVD backups burned. For cloud based data storage, the combined use of Google Docs
and WinSCP transfer to the University M drive ensured a non-geographical based secure storage.
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3.0.6. Experimental design
Aim
For the development of this research project the follow questions were posed:
I) Can the separation of thermal and nonthermal effects be observed through the development of
a reaction vessel with the capability to expose I litre of working fluid to microwave
irradiation, where the exposure time, frequency, mode and power are variable and the bulk
fluid temperature is isolated?
2) Can the use of the system developed in I be used to increase the enzymatic hydrolysis of
cellulose where lysis is through a combination of cellulase enzymes?
3) Can the use of the system developed in 1 be used to investigate the effect of microwave
exposure on the cellular systems of a fermentative micro-organism?
Objectives
1) Design an isothermal microwave reactor with thermal stability of L\T S 1QC.
2) Conduct cellulose catalysis with cellulase enzymes under isothermal conditions under a range
of microwave powers.
3) Conduct fermentations in isothermal conditions in the same power range as seen in 2 for
determination of compatibility when combined for SSF
Null hypothesis
1) The null hypothesis in each instance is the conclusion that there is no relationship between
microwave power and product formation.
2) Microwave irradiation of the cellulase enzymes CBHI, CBHII, EGL and BGL has no
significant effect.
3) Microwave irradiation of a fermentation system has no significant effects.
For the development of the experiment practical work, the overall objectives were subdivided into
experimental packages with three focal points; isothermal bioreactor prototyping, catalytic
investigations, and fermentative investigations at controlled thermal and microwave set points. The
key units are shown in Figure 52.
Following the results of the literature research (seen in Chapter 2. - Background, page 9), the
prototyping of an isothermal microwave bioreactor system was conducted, followed by the
development of protocols for reactor operation and adaption of NREL protocols to the vessel for
validated and comparative studies. With Figure 52 used as the frame work of experiment
development, each section is investigated as unit operations.
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The Experimental Packages (EP) are shown in progression using the highlighting bar seen at the top
of each subsection.
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Figure 52. Experiment design by major unit tasks.
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3.1. Practical work
Material, methods and protocols.
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3.1. Practical work - Microwave
3.1.1. Prototyping, design, operation and testing.
EP.2.1. Catalysis
CBH/EGL with
cellulose
E.P. 2.2. Catalysis
CBH/EGL + BGL
with cellulose
EP. 2.3. Catalysis
BGL with
cellobiose
E.P. 3.0.
Fermentation
The development of a microwave bioreactor from an initial design concept was outside the scope of
the study, thus the adaption of an existing design was more applicable. The design objective was for a
reactor capable of continuous irradiation with a range of microwave powers and frequencies with
isolated thermal and microwave experimental controls.
The basic design objectives, range, considerations and selected solutions are shown in Table 19. For a
complete review of the equipment used in the development of the bioreactor system, the components
are listed in the Appendix (page 32).
Design objective Range Consideration Solution selected
Reaction vessel
for fluid
exposure
Microwave
exposure mode
Microwave
power
Temperature
stability
Microwave
cavity
Biological
containment and
support.
Working volume of 1 - 2
litres. Practical range of
500ml- 16000ml
Selectable continuous
and/or pulse mode
operation
0- 200W (limited by
launching system)
Total range 0 - >80°C
Simplistic jar irradiation,
chemical reaction vessel,
biological STR
Bespoke microwave source from
industrial/scientific supplier,
Employment of a Applikon 2
litre fermentation STR.
Specific scientific and
industrial (Microtron and
adaption of domestic microwave Sariem) units used.
oven apparatus.
Unknown range required. 0 - 150W initial power
Greater energy density requires window. Re-evaluation
greater thermal compensation depending on power response
for optimal power seeking
Heat compensation has to be
with fine control over 20 matched to microwave power.
_60°C range. Ability to Maximum initial microwave
maintain a set temperature
point with less than
±O.5°Cerror over
exposure periods of up to
200 hours.
Size appropriate for the
reaction vessel.
Multimode cavity without
excessive harmonics or
reflection to prevent
magnetron damage.
pH 2- 11, temperature
stability, off gas analysis,
aeration, agitation and
control
power exposures are up to 200W
therefore heat exchanger must be
able to compensate up to 200W
thermal equivalence
Cavity dimensions to allow easy
of operation, air flow around the
vessel for hot spot heat
dissipation. Cavity must be
microwave sealed and capable of
supporting STR mass.
All facilities are within the
design of the STR selected and
bio-controller used.
Native submerged heat
exchange loop within the
STR coupled to an external
heat exchange system in a
close loop configuration.
Heat exchanger rated greater
than microwave irradiative
power.
Cavity based on vessel
dimensions plus margin of
free space for operational
ease. Material thickness
sufficient for STR mass
support.
All facilities are within the
design of the STR selected
and bio-controller used.
Table 19. Microwave bioreactor design parameters
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3.1.2 Isothermal microwave bioreactor overview
For this study, the primary variable of interest is the variability of microwave power on catalytic and
metabolic profiles. All other variables are standardised to prevent experimental bias or artefacts. To
conduct the irradiation of the catalytic and fermentation processes required the design, building and
cornrnissioning of a microwave cavity containing a stirred tank reaction vessel (STR) with
temperature control to isolate the microwave field effect from any induced thermal effect. Figure 53
shows the three physical elements; STR; waveguide and cavity for irradiation; and the microwave
generator.
STR
Cavity Waveguide Launcher
Multimode microwave system Microwave source
Figure 53. Microwave reaction vessel design.
Overview and simplistic exploded diagram to the three key system elements; the stirred tank reactor (STR), cavity and waveguide section.
and microwave source. Waveguide detail shows the launcher in black while the waveguide/stub tuner is shown in orange (stubs not shown).
3.1.3. Stirred tank reactor
The reactor used was a 2 litre benchtop stirred tank fermentation bioreactor (STR, Metrohm
Applikon, Figure 54)9• The vessel was a borosilicate glass vessel with stainless steel top plate,
threaded for four 12mm probe ports (for incorporating dissolved oxygen (DO) probe, pH probe, triple
port and condensing gas exhaust port), bottom draw sample tube, top draw sample tube (flush), top
draw sample tube (protruding), submerged thermal regulation loop and bottom (central) sparger tube.
9 See Appendix. page 32 for equipment details and pages 35 - 38 for additional images
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Figure 54. Benchtop research bioreactor
Agitation was through a single central shaft with three Rushton turbines. Above the top plate the
agitator shaft was coupled to a 24v DC geared motor (PI Systems) through the use of a modified
union. To ensure agitation with the insoluble cellulose, rotation was set at 300 rpm for complete
mixing without excessive aeration and foam formation. Work conducted by Zhang and Lynd has
shown that agitation rate is not a limiting factor in hydrolysis [195], therefore the agitation speed was
chosen based on previous work. For catalysis, 300rpm was shown to be the compromise position
between over agitation causing influx of excessive amounts of dissolved gases and under agitation
allowing suspension collapse and excessive time in the microwave window. For fermentation, the
same system is used with agitation reduced to 150 rpm to ensure equal exposure to the microwave
aperture with minimal aeration.
For temperature control, the reactor has the operational ability for forced cooling to prevent heat
accumulation in the vessel due to the microwave source. This was carried out through the use of a
circulating water bath pumping water through the heat exchanger coil within the reactor. In the event
of the heating effect being less than the heat loss from the system, the heat exchanger automatically
compensated using the same heating/cooling circuit (See Figure 55 and Figure 58 for diagrammatic
representations, Figure 62 for a physical image, and Appendix pages 34 - 37 for additional details).
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Harvest/sample
collection
Thermal regulation;
Heating loop in
Substrate, enzyme,
Buffer, inoculum
Thermal regulation;
Heating loop out
Microwave energy
Figure 55. Simplified schematic of microwave bioreactor
Simplistic illustration of the key microwave bioreactor design.
3.1.4. Microwave cavity, waveguide, tuning section and launcher
The prototype cavity used an aluminium cylinder with an internal diameter of 160 mm, and a wall
thickness of 5mm. Wall thickness was selected for sufficient material depth for waveguide
attachment and strength for suspending the STR and additional infrastructure. The top face of the
cylinder was turned to provide a recess for the STR compression ring (165 mm diameter) to be seated
and centralised. The cavity's cylindrical height was sufficient for clearance between the vessel and
the bottom plate (ensuring no contact between the STR and cavity bottom; 190.5 mm base plate to top
of cavity flange). As the microwave window was positioned at a height which targeted the liquid
phase, the preferential energy absorption would be into the water phase, therefore the void space
within the reactor would not be significant.
The microwave source used was connected using a co-axial cable (1m length, 50 Ohm, RG214
standard) to a 7 cm length, S band microwave launcher using an N-type connecter. The transmission
aerial protruded into the waveguide for wave propagation. The launching section and waveguide
(incorporating stub tuning, both UK standardised copper WG 9A, rectangular section) were coupled
to the circular cavity by a milled flat surface bisecting the circumference of the cylinder. The
waveguide was attached with the waveguide orientated with the long aspect aligned vertically (see
Figure 61 and appendix for additional images) and directed towards the centre of the STR along the
cavities radius. The reactor vessel was placed within the cylindrical aluminium cavity where the
bioreactor top plate is used as the microwave cavity top face.
Once the STR was placed within the cavity, tuning stubs were used to initially minimise reflected
power. The reactor was then turned in its seating position and retuned to ensure minimal reflected
power. The reactor orientation was noted on the side of the cavity to ensure repeated experiments
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maintained the same orientation and physical parameters. The cavity was suboptimal as it had not
been specifically designed for this purpose, had not had previous modelling data formed for the
complex internal structures and had not been developed further at this point. The reflected power was
typically less than 5% of input power and the reactor design was seen as a controlled variable in all
subsequent experiments. Checks were conducted for microwave leakage using a HI-ISo! Microwave
Survey Meter from Holiday Industries. Negligible microwave leakage was observed. As such, the
reactor was deemed safe for human operator control across all timed exposures. Neither the
microwave cavity nor any additional infrastructure was thermally lagged in any of the experiments.
Through experimentation in the bioreactor prototyping phase, thermal stability was established and
maintained in an unlagged system. As isothermal irradiation of the aqueous solution was the primary
objective, the energy utilisation was not a core interest to the study (incidentally, quantification of
energy consumption was problematic in determination due to the heat exchanger designs used).
Thermal stability rather than control of heat loss was considered the parameter requiring control
therefore once experiments were started in the unlagged system; all experiments were conducted in a
similar manner.
3.1.5. The microwave source
For continuous microwave exposure across the whole experiment time frame, two microwave
generators were used over the course of the study. The original source used was a Microton 200W
unit at 2.45GHz that had been used in previous studies. The unit was used as it had controllable
power from 0 to 200W through an analogue interface and a co-axial power output for coupling to any
desired launcher and waveguide assembly. The unit had shown repeatable and dependable power
output across the 40 -180W power band. The unit is based on a magnetron generator with a
continuous wave output and monitored through analogue displays for output and reflected powers.
The unit has a safety trip system for magnetron protection to prevent excessive reflected powers.
The control of the Microtron 200 series unit was limited and the power outputs at values below 40
Watts were inaccurate. Therefore, a Sairem 200W solid state unit was used specifically for this task
especially given its proven reliability at low power outputs (0 - 40 Watts) over extended time periods.
Like the Microtron unit, the Sairem unit provides a continuous output, although a pulsed mode is
available. In this study, the unit was used exclusively at 2.45Ghz although frequency variation of
200Mhz was available. Validation of microwave source replacement was conducted to ensure no
variation in results was observed due to the substitution of the microwave generator (see Figure 56
and Figure 57). Use of the Sairem unit assures validity of the claims at lower power levels.
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Both microwave sources differentiate this study to many other previous works as throughout the
experiment, the microwave source used was a non-pulsed, continuous source, allowing temperature
control to be isolated from irradiation power. This allows the reaction to be conducted in a
continuous microwave field for the entire study.
Forwardpower display Reflectedpower display
Tripswitch/indicator
Start/stop switch/indicator
Power switch/indicator
Co-axiallaunchingcable Power selection Frequencyshit
Function/selection control
Figure 56. Microwave generators
Left; Microtron 200 Series microwave generator. Rated at 0-200W power. Front panel coaxial launch cable. Analogue control utI.
Right; Sairem 200W air-cooled solid state microwave generator. Rated at 0-200W power. Rear panel coaxial launch cable. Digital control
Uti with expansion to PC automation.
Forward power display Reflected power display
Control Indicators
Function button (Start switch illustrated)
Power selection
Frequency selected
Function button (Stop switch illustrated)
Reflected power limit for
auto cut off (selectablel Function button
Status indicator
Figure 57. Sairem microwave generator user interface
Detail of Sairem unit user interface. Interface shows unit in operation at set point of SOW forward power, set from local control point.
3.1.6. Variation by microwave power (including thermal stability)
Variation of the microwave power was obtained through the use of the microwave generator control
panel with a range of 0 - 200W. Microwave power levels were set through the use of the digital
display on the microwave source (Sairem) or analogue input (Microtron). Tuning was done through
the use of the stub tuning microwave waveguide section between the microwave aerial and the
reaction chamber. For optimal tuning, microwave power was applied and the system tuned. The
reactor chamber was then rotated within the cavity to give minimum reflected power and stubs
retuned (typically <4% of input power). Once the equipment was tuned, the physical orientation was
kept constant to prevent any major retuning being required. To ensure continual stable tuning, the
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reflected power on the microwave source was monitored regularly. The unit was maintained at the
required temperature through the use of an offline heat exchanger (Huber Polystat cc3). The
temperature set point of the heat exchanger used was offset up to 10% below the desired operating
temperature of the STR to compensate for microwave heating. Temperature stability was obtained
over a period of several hours to allow for temperature equilibration across the whole system (STR,
connection fittings, cavity, waveguides and associated heat sinks and radiators). Typical practice was
to allow 16 hours (overnight) for this process.
3.1.7. Sampling
For all experiments, sampling was conducted through the use of the bottom draw port. A syringe
(20ml) attached to a sterile sampling device through a gas filter (Zum, PTFE) maintained sterility
throughout the experiment. Withdrawing air from the sampling device (causing a negative pressure)
caused material to be brought through the device and deposited in a 15ml universal vial. On
completion of drawing, the syringe plunger was depressed to displace the air taken and clear the
sample tube. Care was taken to assure displaced air returned did not exceed the sample volume to
prevent gas bubbles aerating the solution/media. Once this had been done, the delivery tube was
clamped closed, the universal vial removed. Sample processing was dependent on experimental
protocol. Once cleaned, the universal vial was returned to the sampling device (mechanism seen in
Figure 61, items 5-8).
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Figure 60. Microwave bioreactor
Key; 1 - 24V DC agitation motor; 2 - Dissolved oxygen probe; 3 - Heat exchanger feed; 4 - Sample port (hidden), filter and syringe; 5 -
Exhaust gas flue; 6 - Exhaust gas analysis port; 7 - Shear coupling; 8 - Exhaust gas condenser (not in commission in this photo); 9 -
Bioreactor top plate; 10 - pH probe; II - Steel microwave cavity; 12 - Heat exchanger return; l3 - Air input (not in commission in this
photo) 14- bioreactor compression seal ring; 15 - Expulsion/overflow dump vessel
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Figure 61. Microwave bioreactor (Profile
Key; I _ Sairem microwave generator; 2 - Co-axial cable; 3 - microwave antenna in S-band waveguide; 4 - S-band waveguide with tuning
stubs (obscured); 5 - syringe (20ml); 6 - 0.45 urn filter; 7 - Glass universal vial for sample collection (SOml);8 - Single direction sample
port; 9 - Bioreactor cavity; 10- Bioreactor cavity base plate and support
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Figure 62. Submerged elements of the STR
View of the submerged elements in the STR. Volume of water shown is I litre. Key; I - STR top plate; 2 - STR vessel flange; 3 - STR
compression ring; 4 - Dissolved oxygen probe; 5 - Agitator shaft; 6 - Ruston turbine; 7 - Heating/cooling loop; 8 - Baffle; 9 - pH
probe; 10 - Heating/cooling loop; II - Bottom draw sample dip tube; 12 - Sparger; 13 - Air delivery pipe
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3.1.9. Thermal profiling
The whole system design used various metals for its construction. The investigation is the isolation of
the microwave field effect from the thermal effect; therefore an understanding of the behaviour of the
bioreactor within the microwave cavity has to be determined. This was achieved through thermal
profiling of the reactor system. K-type thermocouples and a Pt-lOOwere used at specific locations,
and the temperature profile was determined at each of the following points:
Location:
1. Bioreactor thermal well
2. Ambient
3. Heat exchanger
4. Cavity wall
Data acquisition was achieved in three manners. Real-time data was recorded through the use of a
PicoLog TC08 DAQ for all K-type thermocouples. An integrated eLogger DAQ in the Broadley
Technologies Biocontroller was used for PT-lOO placed within the thermowell while an alcohol
thermometer was used in a minority of reference instances explained later in this section. With the
use of DAQs over the time periods used, resolution was adjusted according to experiment lengths. In
the initial thermal profiling, a recording interval of every second was used where the total time period
was 60 minutes. In extended exposure times (up to and greater than 160 hours typical), recording
resolution was dropped to greater than 5 second intervals to reduce file sizes. Where multiple files
were produced, MS Excel functions were used to reduce the number of data entry points to below the
thresholds required for interpretation in MS Excel.
For these experiments, the system remained unlagged and was not lagged in any subsequent
experiment. In each instance, the STR was loaded with 1 litre of dH20 and agitated at 300 rpm to
ensure complete thermal distribution throughout the system. Aeration of the fluid was through mixing
at the interface between the head space and liquid as no additional air was added through the sparger
system. Net gas flow through the reactor was zero. The reactor was left for a period of approximately
16 hours (overnight) for the whole system to equilibrate at ambient temperature. This was done to
avoid the possibility of any section of the system acting as a heat sink which would affect a
subsequent experiment if the system was reset in too short a time period. Once at equilibrium, the
microwave source was applied at a predetermined power level for one hour with datalogging
conducted throughout for ambient temperature, STR thermo-well and external cavity wall
temperatures. For the initial profiling the minimum power level achievable from the Microtron unit
was 20 Watts. From a 20 Watt base, 20 Watt increments were studied through to 120Watts.
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Prior to conducting any experiments, other studies had shown the difficulty of recording temperature
of microwave irradiated reactions due to the temperature probe acting as an aerial for the microwave
source and returning inaccurate results. To ensure that the temperature being recorded was
representative of the fluid bulk temperature, microwave heated and conventionally heated solutions
Were recorded using alcohol and mercury thermometers, and K-type thermocouples. Due to the
probes and thermometer being housed within the thermal well of the reactor top plate, no interference
Was observed either through the TC-08 interface or later Bio-Controller or the Sairem and Microtron
microwave generators. There was negligible difference between each method of recording, qualifying
the temperature recording as accurate measurements. Secondary checking was also conducted to
make sure the fluid temperature was representative of the thermal well temperature. This was done
through comparison of an immersed probe (K-type, PT-lOO and alcohol probes used) compared to
thermal well temperature (when required, the microwave source momentarily switched off for the
time period of data gathering). Observed temperature difference was negligible «0.02°C).
The use of the TC-08 datalogger and K-type thermocouple had been confirmed as accurate. When the
Broadley James Bio-Controller was included into the systems, the temperature recorded through the
TC-08 was used as a standard against which to test the Bio-Controller, Temperatures recorded
through the Bio-Controller PTlOO and DO probe were consistent with the TC-08, confirming
justification of temperature detection (difference of <0.1 "C),
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3.2. Practical work - Catalysis
On the completion of isothermal bioreactor proofing and calibration, cellulolytic catalysis was
conducted within the reactor. For a complete list of all materials and methods used in this section, a
summary is provided in the Appendix, pages 31 - 33. In accordance with the objectives determined
on page 95, the experimental design is shown in Figure 52 (page 96).
3.2.0.0. EP 2.0 - Microwave irradiation of cellulase systems
EP. 2.3 Catalysis
BGLwith
cellobiose
EP.3.0
Fermentation
Microwave enzymatic saccharification - validation, experiments conducted, reaction protocols,
analytical methods.
Note; For full protocol details, see Appendix page 40 for the list of protocols and pages 41 to 100 for
the printed protocols.
For the scale of experimentation, the reactor vessel described in 3.1.3. Stirred tank reactor (page 99)
was used with operating parameters set by either NREL LAPs or by peer papers.
Experimental design was through the isolation of individual unit operation seen in either the industrial
setting or unit operations in cellulytic fungal metabolism. As such, the experimental work is split into
two distinct unit groups; enzymatic hydrolysis and microbial fermentation. In the investigation of
microbial fermentation direct from either biomass or from purified cellulose, the enzymatic hydrolysis
is conjoined with the fermentation.
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Lignase
Cellulose
Biomass ~ (Oligosaccharide
DP = -4000-6000)
I
I
I
I
I
I
I
I
I
EGL CBH I & CBH II
Cellulose Cellobiose
(Oligosaccharide ~ (Disaccharide ~
DP = >2 - >1000) DP = 2)
Product
Glucose Biomass
Celiotriose
(Trisaccharide
DP = 3)
Cellotetraose
(Tetrasaccharide
DP=4)
EP2.1
I ,
EP 2.3
Figure 63. Experimental Package 2. Enzymatic catalysis in a microwave field
Overview for the development of experimental progression in studying the microwave influence on cellulytic enzymes. Blue area
investigates the microwave influence only on the "cellulase" enzyme preparation (EGL and BGL with the possibility of BGL
contamination). Green area illustrates investigation of complete hydrolysis with the use of CBH, EGI and BGL in excess. Purple area
illustrates hydrolysis of a pure cellobiose source with BGL as the sole enzyme.
I Lignase I
Cellulose
Biomass ~ (Oligosaccharide
DP = -4000-6000)
I CBH I &CBH II
Cellulose Cellobiose
(Oligosaccharide ~ (Disaccharide ~
DP = >2 - >1000) DP = 2)
Glucose r BiomassProduct
Cellotriose
(Trisaccharide
DP=3) Fungal!
bacterial
fermentation
Cellotetraose
(Tetrasaccharide
DP=4)
L,
EP 3.0,
EP4.0
EP5.0
Figure 64. Experimental Package 3. Fermentation
Experimental overview of fermentation in microwave field
For the investigation of the microwave influence on a fermentation system. Light blue indicates standard fermentation conditions with
either a prokaryote or eukaryote.
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Lignase EGL CBH 1& CBH II
Cellulose
Biomass ---7 (Oligosaccharide
DP = -4000-6000)
Cellulose Cellobiose
(Oligosaccharide --7 (Disaccharide --7
DP = >2 - >1000) DP = 2)
Glucose 1BiomassProduct
Cellotriose
(Trisaccharide
DP = 3)
Cellotetraose
(Tetrasaccharide
DP = 4)
Fungal/
bacterial
fermentation
....... ,....-----
L
Fungal fermentation or SSF
,
EP 3.0
EP4.0
EP 5.0
Figure 65. Proposed Experimental packages 4 and S. Cellulytic fermentation
Experimental overview of fermentation in microwave field
For the investigation of the microwave influence on a fermentation system. Green area is for the investigation cellulose based fermentation
in either direct conversion (cellulytic micro-organisms) or conjoined processing (simultaneous saccharification and fermentation) from a
pre-treated biomass source. Purple area illustrates total fermentation from milled biomass by ligno-cellulytic micro-organisms from a direct
lignocellulosic source.
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For a summary of experiments completed in this project, Table 20 shows the order of experiments
with the different parameters.
Catalysis
Exp, No. ID EnzymeSubstrate Microwave Additional comments/notes
ower
Thermal profiles nla
Reference and negative control experiments
nla Heat transfer studiesOOO·120W
1 Microwave
negative control
2 Microwave
negative control
3 Substrate negative
control
4 Enzyme negative
control
Cellulose CBHIEGL nla Thermal reference experiment
Cellulose CBHIEGL nla Thermal reference experiment
+BGL
Cellulose nla 150W Investigation of possible
autohydrolysis
nla CBHIEGL lOOW 2 part experiment.
(Filter paper I) Enzyme/microwave
analysis) exposure;
2) Substrate degradation
testing
Endoglucanase and Cellobiohydrolase
5 Cellulose CBHlEOL 050·200W Core experimentCellulases under
microwave
irradiation
6 BOL inhibition Cellulose CBHlEGL 050W VAN inhibition on BGLfor
BGL contamination
determination
7 Biomass variation Cellulose CBHlEGL 050W 50g cellulose
Endoglucanase, cellobiohydrolase and beta·glucosidase
8 Cellulases and Cellulose CBHIEGL 012·075W Core experiment
BOL under IBGL
microwave
irradiation
Beta-glucosidase
9 Cellobiose BGL 012·075W Core experimentBOL under
microwave
irradiation
Fermentation
Exp.No. ID Substrate Enzyme Microwave Additional comments/notes
ower
10 Fermentation Glucose nla nla Saccharomyces fermentation
negative control reference experiment
11 Fermentation Glucose nla 012·075W Saccharomyces fermentations
under microwave
Core experimentirradiation
Table 20. List of experiments conducted
List of experiments conducted over the course of the project.
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3.2.0.1. Experiment validation
To ensure that any variation in the results observed is due to the microwave field being applied, and
not an artefact of either a variable which has not been qualified or controlled, the experimental design
employed both adherence to defined protocols and a set of negative controls to eliminate logical
alternative hypotheses.
For standardisation against other data sets, NREL protocols were used (see "References to published
protocols" and "Protocol Development" sections below). For investigation of microwave fields on
the substrates and enzymes, negative control experiments were devised based on the NREL protocols.
For consistency in analysis, the same analytical tools were used throughout the experiments, as
detailed in the following subsections.
Through the use of these methods, it is understood each conclusion drawn in EP. 2.0 - EP. 3.0 can be
validated against all known variables.
References to published protocols
For the development of the experimental design, published protocols by the National Energy Research
Laboratory are used. As the nomenclature of the protocols has changed in revision processes,
comparison to the published data can be confusing. For nomenclature comparison, Table 21 shows
the previous published name with the revised code as published in June 2011. Each protocol is
included in the appendix [pages 40 to 100 ].
Protocol name Previous identifier Current published
identifier June 2011
Determination of carbohydrates in biomass by "PLC
Measurement of cellulase activity
Enzymatic saccharification of Lignocellulosic biomass
SSF Experimental protocols - Lignocellulosic biomass
hydrolysis and fermentation
LAP#OO2
LAP#006
LAP#OO9
nJa
NRELlfP-Sl0-42618
NRELfTP-SI0-42628
NRELlfP-510-42629
NRELlfP-S10-42630
Table 21. Nomenclature of published protocols
Due to alteration of nomenclature of the NREL protocol database with compilation. the access codes to particular protocols have been
modified. The current website published identification tags are shown with the previous iteration for use in referencing.
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Protocol development
For experiment development, the adoption of the NREL protocols was seen as an approved and
verifiable standardised method. The limitation observed in the NRELffP-SI0-42629 (Enzymatic
Saccharification of Lignocellulosic Biomass) was the prescribed use of either a Yellow Spring
Instruments Inc., Model 27 Glucose Analyser or Model 2700 Select Biochemistry Analyser. As the
YSL analyser is limited to the identification of a single breakdown product (dependent on the sensor
installed), automation and complete profiling of all products in a single sample is not available. By
combining NRELffP-51O-42629 with NRELffP-510-42618 (Determination of Carbohydrates in
Biomass by High Performance Liquid Chromatography), deviation from NRELffP-SI0-42629 at
protocol point 10.5 (with the use of the microwave bioreactor over the LAP's sample size) then
ceased at protocol point 10.9. Prior to transfer to the NRELffP-SlO-42618 protocol, each sample
required reaction quenching through boiling (10 minutes in a heating block set at 105°e. Once
quenched, NRELffP-Sl 0-42618 was used for the analysis of the saccharification profile.
Previous experimentation and experience using NRELffP-51O-42628 (Measurement of Cellulase
Activity), for the determination of glucose content at low concentrations through the use of GOD-PAP
(Glucose oxidaselPeroxidase) and DNS (3,5-dinitrosalicylic acid) were found to have insufficient
accuracy and saccharide resolution. Therefore, a modification of the NRELffP-510-42628 protocol
was undertaken. In the development of the determination of enzyme activity, as seen in the enzyme
negative control (Ne-E), NRELffP-510-42628 protocol was used with deviation observed at protocol
point 8.2.6 through the reaction quenching through boiling as previously described. NRELffP-SlO-
42628 was then resumed through 8.3-8.4.4 with subsequent quenching also stopped through boiling.
As protocol point 8.5 describes the subsequent colour development by addition of DNS, detection of
saccharification products is conducted by HPLC using NRELffP-51O-4218.
HPLC analysis of breakdown products (NRELffP-510-42628)
For the determination of saccharification breakdown products, protocol NREUfP-510-42628 was
observed with initial experiments conducted using the named protocol. The NRELffP-51O-42628
protocol uses a HPX-87P HPLC column (Phenomenex) or equivalent for the identification of
cellobiose, glucose, xylose, galactose, arabinose, mannose, xylitol, succinic acid, lactic acid, glycerol,
acetic acid, ethanol, 5-hydroxy-2-furaldehyde and furfural with detection through refractive index
(Rl). In initial protocol trials, the HPX-87P was unavailable; however a comparable (but component
reduced) HPX-87N column was available. In conducting trials with this column, results obtained
were substandard compared to expected results due to the column's previous usage and age.
Therefore a new REZEX ROA H+ column (Phenomenex) was chosen due to its ability to offer a
broad spectrum profiling across both the saccharification and fermentation methods. Column
comparisons are summarised in Table 22.
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HPLC column selection
Column Bio-Rad Aminex HPX- Bio-Rad Aminex HPX- Phenomenex REZEX
87P 87N ROA - Organic Acid H+
Dimensions 300mm x 7.8mm 300mm x 7.8mm 300mm x 7.5mm
Separation method Size-exclusion Size-exclusion Ion-exclusion
Ligand exchange Ligand exchange
Stationary phase Lead form, Sodium form, Hydrogen form
9""m particle size, 9""m particle size, L22 packing
8% cross linkage, 8% cross linkage, 8% cross linked
pH range 5-9 pH range 5-9
Mobile phase HPLC grade water, HPLC grade H2S04.O.2""m HPLC grade H2S04. 0.2""m
0.21lm filtered and filtered and degassed filtered and degassed
degassed
Mobile phase flow 0.6ml min-I 0.6ml min-I 0.6ml min-I
rate
Elution period 20 minutes data + 15 31 minutes 31 minutes,S minutes post
(Run time) minutes post run run
Injection volume 10-50111dependent on 10-50111dependent on 10-5Ollldependenton
concentration and concentration and detector concentration and detector
detector limit limit limit
Column temperature 80-85°C 65°C 65°C
Detector As close to column 40°C 40°C (RI)
temperature temperature as possible Ambient (UVNIS)
Detector Refractive index Refractive index Refractive index
(UVNIS at 21Onm for
furfural)
Constituents cellobiose, glucose, cellobiose, glucose, xylose, DP4+, DP3, DP2, Glucose,
detected/standards xylose, galactose, galactose, arabinose, Xylose, Lactic acid,
arabinose, man nose, mannose, xylitol, succinic Glycerol, Acetic acid,
xylitol, succinic acid, acid, lactic acid, glycerol, Ethanol
lactic acid, glycerol, acetic acid, ethanol, 5-
acetic acid, ethanol, 5- hydroxy-2-furaldehyde and
hydroxy-2-furaldehyde furfural
and furfural
Table 22. Comparison of HPLC columns for Saccharide detection
For the determination of oligo-, di- and mono-saccharide constituents, HPLC was employed with the
use of a REZEX ROA H+ column on a Perkin Elmer 200 Series system". All data was recorded on
the proprietary Perkin Elmer TotalChrom software. Injection volumes were Will with 50111being
used where sample concentration was low to prevent diminished peak areas. Standards were prepared
accordingly. Standard curves were used for peak identification and quantification was by calibration
with the same standards but using the sodium citrate as the internal standard for sample
standardisation.
10 See Appendix page 33
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Standardisation of reactor substrates
To remove any bias due to variability of lignin content and feedstock, a standardised cellulosic
feedstock was used. a-cellulose (Sigma-Aldrich C8(02) comprising of PI-4 linked glucose chains of
approximate fibre length of 4000-6000 units was used where the bulk substrate was mixed prior to
experimentation to prevent substrate batch variability. As the material had come from a plant origin,
the lignin and hemicellulosic material was stripped from the fibre with minimal residual contaminants
remaining in the prepared material. By comparison of material degradation through enzymatic
hydrolysis, bias derived from lignocellosic pretreatment was avoided. In reactions investigating the
enzymatic rate reaction of BGL, cellobiose (Sigma-Aldrich C7252) was used as the sole substrate.
Standardisation of enzyme preparations
All of the reactions investigated made use of "cellulase" enzymes (Sigma-Aldrich C8546) from
Trichoderma reesei strain ATCC2692I , and p-glucosidase (Sigma-Aldrich C6105, synonym
Novozyme 188) from Aspergillus niger. All materials were stored in accordance to the suppliers'
recommendations.
Standardisation of substrate and enzyme loading
Substrate loading across all catalysis investigations was at 10gii. The loading used is below
commercial viability of 250gl1 required for industrial adoption. Reduced substrate loading allows
development of an aqueous system where rate limitations are observed and with a standardised
method comparable across other studies. For experimental development, cellulose loading was
justified through the data reported by Hari Krishna et. al. [196]. In reporting by Hari Krishna, work
carried out by Plackett-Burman surface response methodology for temperature, pH, cellulose and
cellulase loadings, where 10% biomass loading was considered appropriate. As a large selection of
studies have also used 10% loading, cross comparison in methods become easier.
For enzyme loading (Cellulase mixture of EGL and CBHI and CBHII), the standardised loading of 40
filter paper units per gram cellulose (FPU/g cellulose) was derived from the NRELlTP-51O-42628
where actual mass was scaled from the protocol descriptor. Qualification of loading was also
supported by Hari Krishna [196] along with many other papers using TP-510-42628.
In experimentation with p-glucosidase, the loading of BGL was determined through a development of
the NRELITP-51O-42629 protocol, where mass loading was based on the addition of liquid
Novozyme 188 at 250 Cellobiase Units/g (CBU/g). NRELITP-SlO-42628 descriptor uses p-
Nitrophenyl-p-D-glucoside (pNPGU) activity signifying an addition of "60FPU/g cellulose and the
appropriate volume of p-glucosidase enzyme to equal 64 pNPGU/g cellulose." Conversion of
pNPGU to CBU/g was determined. Through the use of data compiled by the Louisiana State
University (LSU) Agricultural Centre for submission to the US Department of Energy, whereby a 1
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FPV: 2 CBV ratio was used through the employment of 15 FPV:42 CBV, therefore with preparations
used in this study, 60 FPV: 168 CBV equates to I FPV:2 CBV, where BGL equals 250Vlg and V =
CBV. As such, the equivalent resultant loading was equal to the 64 pNPGVlg cellulose required and
in excess in comparison to the EGLlCBH addition, preventing feedback inhibition in the system. For
experiments conducted, 15 FPV equates to 42 CBV where the ratio employed is 2.8 FPV:CBU. Data
taken from Days' report for the DOE looked variation of FPV:CBV ratios in the range of 2 to 3.3
FPV:CBU [197] supporting the case of using 2.8 ratio.
To summarise, this has led to the standardised methodology for catalysis where;
1) Substrate
2) "Cellulase"
3) BGI
= 10gii (cellulose or cellobiose)
40FPU/g substrate, (5.54 FPU/mg dry mass)
1l1.7CBVIg substrate (25OCBVlg aqueous)
=
=
Standard curves for determination of constituents
For analysis of the breakdown products, standard curves for HPLC analysis were constructed from
analytical grade reagents. Standard curves for xylose (O.Olgil - O.lgll), glucose (O.lgll - IOg/l),
cellobiose (0.025g11 - lOgll), cellotriose (O.Olgil - 2g11) and cellotetraose (O.Olgil - 2g11) were
constructed for catalysis. Glucose (O.lmglml - 60mglml), ethanol (0.05% - 25%) were used for
fermentation analysis in addition to peptone and yeast extract for peak identification and analysis. At
least 5 separate data points were used per calibration. As all calibrations were linear over the range
used, the LINEST function in Excel™ was used for determination of gradient and intercept for each
reagent in conjunction with the correlation coefficient (R2) (see Figure 66). Standardisation was
repeated for each exchange of mobile phase and within sample runs. Percentage error in repeat
injections was typically less than 1.5% (Table 23 and Figure 66). For reagent product codes, see
"Reagents used" list.
gil Glucose data Average STDEV RSE
120 28277924 27868955 28249735 28132205 228416 1%
100 24633589 24811089 24722339 125511 1%
80 18983248 19027682 18993403 19186910 19624446 19053466 19144859 246135 1%
60 14575078 14787238 14681158 150020 1%
40 8949383 8918352 9204270 8985719 9234120 8974020 9044311 137743 2%
20 4902508 5343869 5123189 312089 6%
Gradient Intercept
237918 153723
Table 23. Calibration curve data analysis
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Figure 66. Example standard curves
Standard curves produced by multiple injections over the course of a fermentation experiment.
Data processing
For data processing of saccharification events, the following mathematical processing steps are used.
From the raw data produced from the HPLC, several steps are required before the determination of
analyte concentration can be inferred. With the initial start conditions known for any experimental
procedure, commonality between experiments was the citrate buffer used, therefore the associated
citrate peak was considered an internal standard across all catalysis experiments. Determination of
peak identification was done by reference to known standards for elution time and peak area. Peak
height/area is correlated to concentration through calibration with known standard curves for xylose,
glucose, cellobiose, cellotriose and cellotetraose, with concentrations appropriate for the expected
constituent parts. Standards were repeated for each new mobile phase.
Standardisation by internal standard.
Following completion of the HPLC chromatogram and data acquisition, peak data is exported to
Microsoft Excel. For the standardisation by internal standard, the mean citrate peak area is
determined with all resultant peaks standardised using a calibration factor on the raw mV response
peak area measurement.
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Correction for water hydration.
As each hydrolysis causes the addition of one molecule of water, hydration is considered.
Actual value = Value obtained * 0.9
Equation 2. Correction for water hydration
Calculation of percentage saccharification;
grams cellulose digested
% digestion = x 100grams cellulose added
Equation 3. Calculation of % saccharification
Calibration by standard curve.
From the transformed raw data, each value is referenced against their respective standard curves
. standard curve intercept + (raw * conversion factor)
concentrauon = .standard curve grad lent
Equation 4. Calculation of concentration
Curve fitting data
For the determination of theoretical maximum product formation, curve fitting was conducted using
Equation 5. By forward predicting the curve to a point of negligible rate increase, the theoretical yield
can be calculated.
Equation 5. Catalysis curve fitting
Where y = predicted value; x = time; n, and n2 = constants I and 2.
Curve fitting was conducted through the use of Equation 5 with the solver function in MS Excel used
to find the values of n, and n2 by the least sum method.
Exposure time periods
Experiments on catalytic activity were conducted over a time course of 0-2 hours (BGL-cellobiose),
0-33 hours and/or 0-168 hours (CBHlEGL-cellulose) depending on the focus of the study. Samples
were manually drawn hourly for the first 9 - 10 hours, followed by every two hours in the second 24
hour period and every four hours for subsequent 24 hour periods for experiments involving CBHlEGL
and cellulose, and every 10 or 15 minutes in experiments involving cellobiose and BGL. With the
exception of the first 24 hours, all subsequent days had samples taken between 0830 to 1800 hours.
Fermentation experiments were conducted over a 53 hr time period. Inoculation occurred at T=Ohrs
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with hourly samples taken for the first 11 hours. Hourly samples were then taken at hourly time
intervals for the time periods T=25 to 36hrs and T=49 to 57hrs. Gaps in the sampling regime were
due to the experimenter being away from the laboratory (i.e. times outside the extended work day).
Qualification by saccharification by-products.
In the absence of BGL, the process of hydrolysing polymeric cellulosic material to poly- and
oligosaccharides of varying chain length, the initial polysaccharide chain (approximately 4,000 to
6,000 glucose units in length) was degraded synergistically by CBH and EGL to the disaccharide
cellobiose with glucose. The theoretical end point for the reaction is the accumulation of cellobiose
and glucose equivalent to the mass of cellulose. With the impurities in cellulase enzyme preparation,
contamination (or residual) BGL maintained within the cellulase preparation will cause the excess
production of glucose from the cellobiose. Results are determined by the accumulation of both
cellobiose and glucose.
For the degradation of cellulose (DP n where n is 4 - ~4000 glucose units), the multi step pathway of
DP
n
to DPI uses a complex of four distinct enzymes in a (natively) simultaneous manner. As the
system has a multiple pathway cascade, the recycling of oligosaccharides has to be considered. The
system is illustrated in Figure 67.
fEGL
Cellulose
(OP = n)
Cellulose CBH II
(OP = >4-4000)
Cellotetraose
(OP = 4) CeIlotetrioseCBH I
CBH I (OP = 3)
CBH II Cellobiose
I (OP=2)
I BGL I
~
Glucose
Figure 67. EGL, CBHI, CBHII and BGL degradation of cellulosic material
lllustration of enzymatic degradation. EGL is illustrated as initial enzyme although all enzymes can work in parallel at any time. For ease
of reading. pathways are illustrated by colour whereby green = EOL. Red = CBHII. Blue = CBHI and Purple = BGL.
For the determination of microwave influence within the system, catalysis is segregated into three
distinct units identified as Experimental Packages 2.1 to 2.3. The identification of each package is
illustrated in the schematic (see Figure 68).
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EP 2.1
EP 2.2
Cellulose
(Oligosaccharide DP = ~4000-6000)
§Jl
Cellulose
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(Disaccharide DP = 2) (Trisaccharide DP = 3) (Tetrasaccharide DP = 4)----[~-------------------
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Figure 68. Contextualised illustration of Experimental Package 2.1 -2.3
Enzymatic progression of cellulose substrate through to glucose with intermediates cellotriose and cellotetraose noted. EP 2.1 donates to
cellulose with CBH and EOL. EP 2.2 donates cellulose with CBH. EOL and BOL. EP 2.3 donates cellobiose with SOL.
Due to EGL lysis occurring midpoint in the cellulose chain, fraction sizes of varying length will be
produced as intermediates prior to exo- and endo-cellobiohydrolase hydrolysis. The resolution
limitation of the REZEX ROA column (only able to differentiate between DP4+, DP3, DP2 and
specific monomeric sugars), means that the degree of depolymerisation where the chain length is
greater than three cannot be determined accurately. As such, degradation rate is quoted as the
production of glucose, cellobiose or fermentable sugar (glucose) equivalents (See Figure 69). In
contrast to the mono- and disaccharides where solubility reflects decreased chain length, the HPLC
method used with the REZEX ROA column causes the elution of the DP4+ peak very close to the
solvent front, making quantification problematic. As DP4+ is a transitional material from the
polymeric saccharide to the dimeric cellobiose, DP4 is not seen in this methodology as a sufficient
indicator of hydrolysis. With the use of an oligo-saccharide column, this information can be obtained
to support this assumption.
Figure 69. Example of a REZEX ROA HPLC Chromatogram
Edited example of a chromatogram produced using the REZEX ROA column. 0.6mllmin H2S04 where the column heater is at 65°C. RI
detection at 40°C. 10 - SOIlI sample injection has been 0.21lm filtered reaction product. where the experimental conditions have been SOW
microwave power from the Sairem microwave generator. 50°C reaction temperature. SOgil biomass after a time period of 81 hours post
enzyme addition. Baseline time period illustrates 31 min elution period where solvent front elutes at 6.7 minutes. DP4+ to xylose from 6.7-
)0.7 minutes. trace background elements at 12 minutes and ethanol due to antibiotic suspension appears at 22.2S minutes.
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3.2.0.2. Negative controls
Hydrolysis under standard thermal condition (Microwave negative control (Ne·MW»
For the determination of saccharification in the reactor system, the NRELffP-510-42628 was used
with protocol modifications for the reactor. In execution of NRELrrP-51O-42628, the expectation is
for a test tube scale reaction for analytical processing. In contrast, the desired procedure was for a
continuous microwave exposure experiment with frequent sample extractions over extended time
periods. To modify the equipment and apparatus, scaling was increased from a sample volume of
lOml to 1 litre for all reagents. Temperature control was through the use of the heat exchanger to
maintain the reactor temperature setting which required approximately 12- 16 hours for the system to
equilibrate. Standard biomass loading of 109/I substrate was used with enzyme selection according to
study with sampling taken at set time points. Without any microwave field being applied and the sole
heating mechanism being through the submerged thermal exchange loop, three experiments operating
in this mode (cellulose with EGUCBH minus BGL, cellulose with EGUCBH and BGL, and
cellobiose with BGL) are considered to be microwave negative controls.
Influence of microwave power on substrate (Substrate negative control (NC·S»
To determine any possible effect of the microwave field on the substrate, alpha cellulose (l Og/l) was
loaded into the microwave reactor in accordance to the standard NRELffP-51O-42629. The
microwave source was then activated with the microwave power output of lS0W (4 - SW reflected
power, 50°C) and subjected to 9 hours exposure. Samples were withdrawn at hourly intervals with
preparation for HPLC analysis.
Influence of microwave on enzyme degradation (Enzyme negative control (NC·E»
It was suspected that the microwave energy would have the ability to alter the kinetic rate of the
enzyme and excessive microwave power was hypothesised to degrade the enzyme. To determine the
rate of enzyme degradation as a function of exposure time for any known microwave power, the
enzyme was subjected to microwave energy for set time periods in the absence of a cellulosic source
and then used in NRELffP-S1O-42629 for the determination of cellulase FPU activity. To determine
the influence of the microwave field on the enzyme and possibility of enzyme degradation through
interaction with the microwave field, the enzymes were subjected to the microwave field in the
absence of substrate. To test for enzyme degradation, an adaption of the NRELffP-SI0-42628 was
used where HPLC analysis was used over the colourimetric method described. In modification of
the protocol, enzyme loading equivalent to 60FPU/g cellulose assuming a standard loading of 109
cellulose per litre was suspended in citrate buffer (llitre) exposed to microwave energy at WOW for a
maximum of 10 hours. Samples (S-l Sml) were taken at hourly intervals, filtered and stored on ice
before O.Sml was transferred to the filter paper as per protocol. On completion of the incubation (I
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hour at 50°C), instead of DNS being added, the samples were pipetted from the sample tube into a
1.5ml Eppendorf before being heat de-natured (105°C for 5 minutes). Total sample preparation was
then filtered through a O.2J.tmHPLC grade filter before storage on ice for HPCL analysis.
Following results obtained at lower powers, the negative control was later repeated at a power setting
of 24W for examination at the re-established optimal power.
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3.2.1.0. EP. 2.1.0. - Cellulose hydrolysis by CBHIEGI- BGL with varying
microwave irradiation
EP. 1.0 - Bioreactor design
E.P. 2.2 - Catalysis
CBH/EGL + BGL
with cellulose
EP. 2.3. - Catalysis
BGL with
cellobiose
E.P 3.0
Fermentation
EP. Z.l.Z - Variation of biomass
Microwave Substrate
ower
Enzyme Protocols Additional
standards/comment
OOOW
050W
lOOW
150W
200W
Negative control
a-cellulose
"Cellulase"
(CBH, EGL)
NRELlTP-S 10-42618
NRELITP-S 10-42628
Table 24. EP 2.1.0. Variable focus; Microwave power (OOOW-200W)
The cellulase preparation used was known to contain CBH derived from a submerged T. reeser
fermentation and purified for the expression of CBH. In the application of CBH complex to the (1-
cellulose, the reaction endpoint should be cellobiose and glucose with feedback inhibition of the
cellobiose on the CBH limiting cellobiose yield.
All conditions are independent of microwave power. No pH control was used except for solution
buffering at set up. Microwave power levels used are shown in Table 24.
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3.2.1.1. EP. 2.1.1. - Investigation for inhibition of residual BGL through the
addition of vanillin
E.P 22 Catalysis
CBH/EGl + BGl
with ~(>IIt..lose
EP 2.3. Catalysis
BGl with
c~'I')b,osE'
E.P. 3.0-
Ferrnentation
EP.2.1.0 - CBH/EGL on cellulose with MW irradiation
Microwave
_ power
Substrate Enzyme Protocols Additional
standards/comment
OSOW a-cellulose
"Cellulase"
(CBH, EGL)
NRELfTP-SIO-42618
NRELfTP-SI0-42628
Negative control (Enzyme)
Negative control (vanillin)
Negative control (Substrate)
O.OSmg vanillin
O.2mg vanillin
O.4mg vanillin
O.8mg vanillin
1.2mg vanillin
1.6mg vanillin
2mg vaniUin
Table 25. EP 2.1.1. Variable focus; BGL inhibition
Vanillin (VAN) is known to down regulate BGL activity [34] where a vanillin: cellulase ration of 4: 1
by mass (or 4mg:0.5FPU) is shown to retard BGL activity by 50%. In the assumption that the
majority of mass in the "cellulase" preparation is EGL and CBH (due to the product showing clear
signs of EGL and CBH activity), it can be assumed that any BGL contamination will be of low mass
in the total solid protein. In the instance of a pure CBH preparation, the addition of varying VAN
concentrations should have no significant effect on rate or yield. With the presence of BGL
contamination in none irradiated enhanced investigation, VAN inhibition would be indicated by the
reduction of the glucose accumulation with increasing VAN concentration. As a total cellulase mass
of used is O.l2g/1 where substrate loading is 109/I, a vanillin loading of 0.05mg/ml - 2mg/ml equates
to a vanillin: cellulase ratio of 0.41: 1 to 16: 1 by g (vanillin):g (cellulase).
As a derivation of the NRELlTP-51O-42628, a-cellulose (1Og/1) was used as the substrate with
cellulase enzyme used as the catalyst (60FPU/g substrate). VAN concentrations varying from 5mgll
to 0.2g/1 were explored. The experiment constituents are shown in Table 26.
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Conditionffest number Antibiotic H2O Enzyme Vanillin Vanillin
(total) addition addition concentration
1 200!!! 2975 ul 2000!!! 25 !!! 0.05mg/m!
2 200!!1 2900 ul 2OOOI-1! 100 1-11 0.2mg/m!
3 200!!! 2800 ul zooo» 200 ul O.4mg/m!
4 200!!! 2600 ul 2000!!! 400 ul 0.8mg/ml
5 200!!! 2400 ul 2ooo!!1 600 ul 1.2mg/m!
6 200!!! 2200 ul 2OOOI-1! 800 ul !.6mg/m!
7 200!!! 2000 !!! 2000!!! 1000 ul 2mg/m!
Vanillin negative control 200!!1 2000 ul 2oool-1! 0 Omg/m!
Enzyme negative control 200!!! 4000 ul 0 1000 ul 2mg/m!
Substrate negative control 200!!! 2000 ul 2OOOI-1! !OOOul 2mg/ml
Table 26. EP 2.1.1. Experimental design for BGL inhibition
Each experiment was conducted in a 20ml glass universal bottle with 300 rpm agitation in a 50°C
shake flask incubator for standardised conditions. All experiments were conducted in parallel.
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3.2.1.2. EP. 2.1.2. - Variation of cellulose loading with hydrolysis by CBHlEGL -BGL
with varying microwave irradiation
EP. 1.0 - Bioreactor design
E.P.2.2 Catalysis
CBH/EG L + BGL
with c=Ilutose
EP. 2.3. - Catalysis
BGL with
cellobiose
E.P. 3.0-
Fermentation
EP.2.1.0 - CBH/EGL on cellulose with MW Irradiation
EP.2.1.1 - BGL Inhibition by vanillin
Microwave Substrate Enzyme Protocols Additional
power standards/comment
"Cellulase" NREUfP-510-42618
Negative control
OS OW a-cellulose (CBH, EGL) NRELffP-510-42628 109/lS0g/l
Table 27. EP 2.1.2. Variable focus; Biomass loading
For variation of biomass, the desired end product formation (ethanol) has an economic feasibility
bottom line of lOSg/1glucose fermentation media. Assuming a classical ethanol fermentation using S.
uvarum with a yield of 0.44g/g glucose, to obtain the minimal ethanol concentration, initial glucose
concentration would be 2S0gl1. Assuming complete conversion of substrate (a-cellulose) to glucose,
2S0g/l cellulose would be required. The viscosity of 2S0g/l cellulose loading causes the mixture to
adopt the characteristic form a non-Newtonian fluid, where agitation causes cavitations around the
turbines used. As such, the loading parameter of the bioreactor design is considered as the [S]max
limitation.
To investigate enzyme saturation, the increase in cellulose loading can elucidate if the lower 109/l
loading as at saturation as suggested. Thus, initial [S] for pilot scale investigations is in accordance
with the LAP loading of 109/I. For increase in [S], this was increased to SOg/lrepresenting one-fifth
of substrate loading. Comparison of 10g/l at SOW irradiation to SOg/l irradiation shows the
comparison of enzymatic rate assuming substrate saturation where [S]»[E].
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3.2.2.0. EP. 2.2.0. - Cellulose hydrolysis by CBHlEGL +BGL with varying
microwave irradiation.
EP.2.1 Catalysis
EP.1.0 Bioreactor design CBH/EGLwith
cellulose
Microwave Substrate
power
Enzyme Protocols Additional
standards/comment
OOOW
012W
024W a-cellulose
050W
075W
Negative control
"Cellulase"
(CBH, EGL)
~-glucosidase (BGL)
NREUfP-510-42618
NREUTP-510-42628
Table 28. EP 2.2.0. Variable focus; Enzyme addition (EGL and BGL)
BP 2.2.0 investigated total hydrolysis with the use of the CBH, EGL and BGL with BGL in excess.
The parameters used were the same as seen in the previous experiment (E.P. 2.1.0), however with the
addition of BGL. With the optimal irradiation parameter in the previous experiments seen at the SOW
power point, values less than lOOW were selected (Table 28). For understanding of the influence,
50W was seen as nominal, with values above and below this starting point considered. With the
apparent non-linear relationship between increase the in saccharification and microwave power 7S
Watts and 25 Watts were taken as the initial variable values with further values being decided upon
following initial result analysis. BGL loading was at 250 CBU/g.
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3.2.3.0. EP 2.3.0. - Cellobiose hydrolysis by BGL with microwave irradiation
EP.1.0 Bioreactor
design
EP.2.2 Catalysis
CBH/EGL + BGL
with cellulose
EP. 2.3 Catalysis
BGLwith
cellobiose
EP.3.0
Fermentation
Microwave
power
Substrate Enzyme Protocols Additional
standards/comment
OOOW
012W
050W
075W
Negative control
Cellobiose ~-glucosidase (BGL)
NRELfTP-SI0-42618
NRELfTP-SI0-42628
Table 29. EP 2.3.0. Variable focus; Carbohydrate with BGL
The experimentation of BGL complementary to CBH was investigated through the use of NRELITP-
510-42629. The BGL used was Novozyme 188 supplied by Sigma-Aldrich (product code; C6105)
under the pseudonym of BGL from A. niger.
Due to the power correlations observed in E.P. 2.1.0, microwave power was reduced in range from 0
_ 150W to 0 - 75W. For separation of BGL activity from the overall process, cellobiose as a pure
substrate was used to prevent prior treatment influence (Table 29 and Standardisation of reactor
substrates (page 119».
The experiments were conducted under the same conditions and parameters as E.P. 2.1.0 and
E.P.2.2.0 with only substrate and enzyme variation.
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3.3.0.0. EP. 3.0 - Fermentation
EP. 2.1 Catalysis
EP. 1.0 Bioreactor design CBH/EGL with
cellu ose
EP. 2.2 Catalysis
CBH/EGL + BGL
with cellulose
EP. 2.3 Catalysis
BGL with
cellobiose
EP.3.0
fermentation
To demonstrate the microwave reactor being used in a simple unicellular system for chemostat
cultivation, brewer's yeast (Saccharomyces cerevisiae) was cultured for the production of ethanol as
end product using standardised conditions. The conditions for the stirred tank reactor were
determined through literature searching, where agitation and operation were controlled as salient
parameters. The generalised fermentation conditions used are based on the NREL Protocol
NRELlTP-510-42630.
Stain culture, frozen stock culture and inoculum preparation.
Strains used are commercially available brewers' yeast supplied through A1cotec Ltd. YPD plates
(19/1 yeast extract, 20g/1 peptone, 20gll dextrose, 20g/1 agar) were inoculated from reconstituted
freeze dried samples as described below and incubated (30DC).
Media (40% glycerol in Dr water) was autoc1aved and returned to room temperature. The initial plate
inoculum was transferred into 100mI YDP media in a sterile 250mI shake flask and incubated (38°C,
24hrs). A sample of cell free media was tested by HPLC for pH, glucose and ethanol and checked for
media properties (desired ranges of pH 4.5-5, 0-5g/1 glucose and 8-10g/1 ethanol). The cell culture
was observed microscopically for contamination and culture purity.
The glycerol solution was then mixed with the inoculum aseptically and dispensed in aliquots into
1ml sterile cryovials and stored at -80DC.
Inoculum flasks (250ml flasks, 50ml YPD and 5% w/v glucose) were prepared with 1:5 working
volume in baffled flask, and incubated (rotary incubator, 130rpm, 30°C) for a period of 10 - 14 hours.
Transfer to the bioreactor was completed once the inoculum's glucose concentration had dropped
below 2 gIL. Optical density (O.D.) at 600nm was used as an indication of biomass with Ol) value at
600nm <0.800 being acceptable. Values greater than 0.8 were diluted to bring within range.
At the point of transfer, inoculum determination was done through the use of Equation 6 .
(
media vol. (mL) x 0.5)
Total vol. inoc.flask (mL) = . 0 D x (number of SSF flasks + 1)mac. . . tf
Equation 6. Calculation of fermentation inoculum
In addition to active inocula described previously, freeze dried additions were also prepared in a
manner analogous to industrial practice where known masses of inoculum are added direct.
133
Relating optical density to cell density
Total cell mass was conducted using standard haemocytometer methods. The haemocytometer
(Improved Neubauer design, see Figure 70) was cleaned with the use of dH20 and de-greased by
ethanol washing. The haemocytometer was moistened through the use of warm breath to affix the
coverslip to the haemocytometer. Adhesion was checked through the observation of "Newton's
rings." A small (> 1ml) sample of media was shaken to ensure suspension of cell material before Sul
of fermentation media was pipetted towards the edge of the cover slip and left to run under the slip
and onto the counting cells.
Cells were counted on the middle squares. Random sampling of 7 - 10 small squares (0.005mm x
0.005mm) was used to formulate the average cell density across the 16 cell central square (total area
0.2mm x 0.2mm) giving cell density per 0.OO4mm2• Where personal preference was for counting via
the use of small squares with random sampling across the whole small square matrix, a calibration
was applied (see Equation 7 and Equation 8).
Average cell count per large square (O.004mm3) = average cell count per O.0025mm2 * (4x4)
Equation 7. Conversion for cell counting (Small to large squares)
For calculation of cell concentration per rnl, Equation 8 was used.
Total cell number = a x b x 10·
Equation 8. Calculation of cell number
Where a = average number of cells per large square (see ); b = dilution factor; 104 = conversion factor to Imi.
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.1mm
Figure 70. Calculation of cell density through the use of a haemocytometer
Top left; diagrammatic representation of the haemocytometer reading grid with annotation of square sizing. Top right; actual light
microscope observation of haemocytometer (grey scaled for contrast). Below; arrangement of counting grids on the haemocytometer.
Fermentation
The fermentation STR was filled with 1 litre of defined media, sterilised and brought to equilibrium at
a set temperature of 30°C. Media composition is defined by NRELITP-510-42630 where 5%
dextrose YPD media is used.
The fermentation media was prepared under clean standard conditions with the omission of dextrose,
with the reactor heated to 30°C by combined thermal and microwave heating with stability established
over an approximate 16 hour resting period. Agitation was through the use of the three Rushton
turbine system with agitation rate of 150 rpm to ensure mixing without excessive agitation to cause
aeration of the media.
Prior to time zero, the system was primed with dextrose (sOg/I). At time zero, the fermentation was
started with the inoculum added. In the case of thawed frozen inoculums, this was added through a
syringe in the triple port system. For freeze dried inoculum, this is done through the addition of the
dried mass directly into the media.
Fermentation profiling
The fermentation profile was maintained through the use of the Broadley James Ltd fermentation
controller system for determination and/or control of pH, temperature, dissolved oxygen. An
ElectroLab FerMac 368 Gas analyser was used for exhaust CO2 and O2• Data was compiled by
ElectroLab eLogger and eGrapher software for export to Microsoft Excel for data analysis.
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In addition, temperature profiling was carried out in parallel with a PicoLog TC08 data logger for
ambient, cavity wall, reactor thermowell and heat exchanger water sump temperature profiles.
For determination of biomass, a sample was removed and the optical density read at a wavelength of
600nm for each time point. A calibration was conducted to correlate OD to cell count by curve
fitting. Dry weight and viable cell count was not determined.
HPLC analysis of fermentation products
Fermentation profiling by HPLC (Perkin Elmer 200 Series with RI detection) was carried out with the
use of a REZEX ROA column (Phenomenex). A sample frequency of one hour was conducted
through the first 16 hours of the experiment.
For full details of the HPLC analysis, see Chapter 3, subsection "HPLC analysis of breakdown
products (NREUfP-510-42628)" on page 117.
Standard curves for determination of fermentation products
HPLC product formation is determined through the use of glucose and ethanol standard curves where
concentration ranges are comparable with the maximum and minimum concentration expected (0 -
60g/1 glucose, 0 - 25% ethanol). For full details of calibration curve construction, see Chapter 3
subsections "Standard curves for determination of constituents" (page 120) and "Calibration by
standard curve." (page 122)
Data processing
For determination of fermentation progress, analysis of optical density, glucose metabolism and
ethanol evolution will be undertaken. For ethanol evolution, the trend expressed will be an
exponential curve. For analysis, curve fitting was undertaken using the equation shown in Equation 9
a
y = x-b + b
l+e c
Equation 9. Exponential curve fit
Terms; a - range; b - midpoint; c - CURVE FACTOR; d - off set; e - exponential constant
Negative controls
Sampling frequency and structure
On observing and analysis of the data produced, repetition of the NC-MW was deemed necessary. On
examination of the data, the exponential phase where the transition from the lag phase to the linear
growth phase was omitted due to leaving the lab. This is shown the blue sections of Figure 71.
Therefore, re-evaluation of the time frame was conducted. Due to the observed exponential phase in
the time period 17 - 36 hours, initial data recording windows only collected data between 0 - 16 hours
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and 24 - 41 hours. In repeating the NC-MW, the opportunity was taken to move the physical
sampling time. This allowed sampling between 0 - 4hours, and 17 - 32 hours. Sampling time frames
are shown in Figure 71, allowing the exponential phase to fall into the time frame of 9am through to
lam the following morning (shown by the green sections).
Fermentation under thermal conditions (Microwave negative control (Ne-MW))
A negative control for the yeast fermentation was conducted over a time period of approximately 50
hours. Thermal control was used to maintain the culture conditions of 30°C throughout.
3.0
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~S 1.5,;
.c
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0.5
o.o+-~~~~ .... ~~~~~~~~~~~~~--~~~~~~~~~~~~
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12:00:00 00:00:00 12:00:00
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0.0L-~~~~~~--~~~~~~~~~--~~--~~~~~-r~~~~~
00:00:00 12:00:00
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00:00:00 11:00:00 00:00:00
__ 0W (repeat) _. -0 W (repeat)
Figure 71. Sampling time frames for the microwave negative control
Blue overlay highlights initial sampling time frames. Green overlay highlights modified time frame on repeat sampling.
00:00:00 12:00:00
Time (honn)
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3.3.3.1. EP 3.1.0. -Anaerobic glucose fermentation with varying microwave
irradiation
Microwave
ower
Substrate Conditions Protocols Additional standards/comment
OOOW
012W
024w
050W
075W
Negative control
Dextrose
Alcotec 24hr yeast.
5% YDP media at
30°C net temperature
NRELffP-510-42618
NRELrrP-510-42630
Table 30. EP 3.1.0. Variable focus; Microwave power on yeast growth
Area highlighted in green shows the variable of interest.
The protocol used is a development of NRELffP-SlO-42630 (SSF Experimentation protocols -
Lignocellulosic biomass hydrolysis and fermentation) where the saccharification is omitted for a pure
glucose substrate.
Variation from NRELffP-SIO-42630 occurs where each experiment is conducted under isothermal
conditions within the microwave bioreactor under a steady state temperature of 30°C. Fermentation
time is dependent on lag phase and exponential phase time periods that were determined by
experimental means, plus sufficient time extension to ensure n of the fermentation.
For a real time indication of fermentation progress, both OD and CO2 concentration were used. As
OD will give indication of biomass accumulation, OD measurements are recorded at each sample
draw point giving a progress resolution of every one to two hours through the sampling periods. CO2
in the configuration used cannot be used for mass balance due to the lack of a standardised gas flow
rate from the fermentation vessel; however the CO2 concentration can be used to show the production
period as the CO2 produced will displace the air contained within the head space. This was recorded
with the use of the Broadley Technologies Biocontroller and ElectroLabs gas analyser with a
resolution of every S seconds throughout the start up and fermentation time. On the fermentation
finishing, the diffusion of air back into the head space lowered the CO2 concentration indicating that
the fermentation had ended.
This gave a standard lag period in the order of 17 hours and an exponential period of 15 hours. As the
fermentation finish point (approximately 30 - 32 hours) often coincided with the end of the work
period, the fermentation was left to carry on into the next day with samples taken to ensure that the
fermentation had concluded, given a total experiment time of around 50 hours (±5hrs for safety
margin).
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Conclusion
Chapter 3 has detailed the research methods used in the design and development of the research
project. Information gained in Chapter 2 has been used to aid the design of the reactor described in
Chapter 3 and subsequent catalysis and fermentation experiments. The Chapter has looked at three
key research areas;
I) The tools and methods required for literature searching
2) The development of the isothermal microwave reactor and precautions taken to ensure
validity of results and claims
3) The development and adaption of the NREL protocols to allow the investigation of cellulase
catalysis and Saccharomyces fermentation in varying microwave irradiation.
Where possible, previous work has been built upon to prevent excessive process development and to
allow comparison between the research conducted her to previous studies. This is explained in detail
in Chapter Two and influenced the choice of methods and equipment in Chapter Three. Where
previous work has been built upon, this has entailed the use of a pre-constructed STR and the use of
the NREL protocols.
Due to the variation caused by conducting the NREL protocols in the microwave bioreactor, the
development and justification for protocol modification is explained. With modifications causing
potential variation in results to previous studies, internal references were established through the use
of negative controls for comparison. This has allowed for the development of a reporting system that
will support the claims cited in the results section.
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Note!
The majority of Figures/Graphs used in the results sections are edited sections of complete experiment analysis graphs. For
reading clarity, many of the graphs have been reduced in timescale to illustrate the initial changes in conditions which would
otherwise be less-discernable to the reader. For completeness, and to aid the understanding of each complete process, each
extended graph (showing the whole experiment time course) is included in the Appendix pages 101 - 123.
The results presented are split into the three subject strands of bioreactor development, isothermal
cellulase catalysis and isothermal fermentation, each under varying powers of microwave irradiation.
Included within each strand are additional reactions which aid and support the conclusions drawn.
For development of the microwave bioreactor system, EP. La shows that the controlled microwave
irradiation of an aqueous solution can be achieved through the system designed, tested and
prototyped. The limitations of irradiative power and resolution of temperature control are defined.
Irradiation at increasing powers was proven to cause microwave heating of the water contained within
the reactor in a linear fashion. As such, it was concluded that the transfer of energy could be
accounted for in a predictable manner and the reactor could be run without damage to the equipment
being used or the operator, and that the system was appropriate to the experiments to be conducted
within it.
The results presented in EP 2.1 - 2.3 show an observable and significant alteration in catalysis due to
the use of microwave irradiation of the enzyme-substrate complex in an aqueous solution.
Endoglucanase, cellobiohydrolase and beta-glucosidase have each shown significant increase in initial
rates (summarised in Table 31, Table 32 and in detail in each subsequent section). For the
understanding of the complete system, there are many feedback loops, alternative hydrolysis routes
and multi-oligosaccharide intermediates within the system. To understand the exact mechanism of
each individual subsystem empirically is nearly impossible within the experimental design carried out.
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Equally, the end product evolution can be evaluated, however the molecular reasoning behind the
amplification can only be suggested.
Finally, in section 4.3.1.0 EP 3.1. - Investigation of variable microwave power on the growth of
Saccharomyces cerevisiae (page 194) has shown the effect of irradiation in a way which has retarded
microbial growth, although the exact mechanism is not understood.
The data presented show the following;
Results summary
1 Microwave energy can be launched into the reactor independent of the thermal profile, maintaining
steady state conditions for the total reaction time.
(EP. 1., page 146)
2 Microwave exposure of the cellulose does not alter the cellulosic material
(EP. 2. - NC-S, page 158)
3 Microwave exposure of the enzyme independently does not alter the enzyme's catalytic progress
(E.P 2 - NC-E, page 159)
4 SOW irradiation of EGLlCBH with cellulose increases the initial glucose formation rate by 206% over the
microwave negative control at the same temperature.
(EP. 2.1.0., page 161)
5 The result seen in 4 (above) is not due to BGL contamination
(EP. 2.1.1., page 169)
6 25W irradiation of EGLlCBH with BOL on cellulose increases the initial glucose formation rate by 65%
and glucose yield by 25%
(EP. 2.2.0., page 177)
8 Microwave irradiation of BOL on cellobiose showed a peak. enhancement of 70% increase and net
increase of 50% in the initial glucose formation rate across the 0-75W power band
(EP. 2.3.0., page 185)
9 All catalytic results show a non-linear response (increase in rate is not proportional to increase in
microwave power) (E.P. 2.1. - 2.3., pages 161, 177 and 185 and E.P. 3.1., page 189)
10 The results observed are not due to thermal effects
11 Microwave enhancement for catalysis is only observed when the enzyme and substrate are jointly
irradiated in complex.
Table 31. Results summary
142
~-
=o
'a.....~
:E
.5
t5
~ 8
....=
~·c
~o
~o
U
o
tilo.....~oa
9~os
6
~os
6
4.1. EP 1.0. - Bioreactor thermal profiling
EP.2.1 Catalysis
CBH/EGL with
cel ulose
EP. 2.2 Catalysis
CBH/EGL + BGL
witr cellulose
EP. 2.3 Catalysis
BGL with
cellobiose
EP.3.0
Fermentation
• Energy input to the reaction vessel equates to 0.0056 T min·1WI
Summary; Heating by microwave irradiation can be accomplished with a power range from 0 to
approximately 150Wforward power. From this study of energy transfer, the heating attributed to the
microwave source can be described using the equation y=O.0056x where y is the microwave power
and x is the increase in temperature per minute (system loaded with 1 litre of media). From the
investigation conducted, the system limitation was observed to be greater than 150W with power
between 150Wand 200W seen to be restricted by Ohmic resistance in the transmission cable.
Thermal profiling was carried out in accordance to the methodology described in EP. 1.0. (see page
110). From the data produced, heating profiles are produced to show the rate of heating with each
power level and show in Table 33 and Figure 72.
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Figure 72. Heating profiles of the microwave bioreactor under different microwave powers
Graphical data from the heating of the bioreactor system with the sole energy source being the microwave. Gradient determined by Excel
trend line function (Linear). Deviation seen in lOOW power is due to sensor feedback when coupling additional probes onto the same
interface. LOOWdeviation not seen as significant. All gradients are reported in Table 33.
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Power
output
Temperature at
T = 0 minutes
Temperature at
T = 60 minutes
Fit
coefficient
Gradient
AT/min
020W
040W
060W
080W
100W
120W
22.87
21.47
21.83
21.72
20.32
22.73
28.65
35.12
42.46
48.59
52.95
60.54
6.34
13.61
19.67
26.86
31.83
40.53
0.9928
0.9952
0.9925
0.9920
0.9911
0.9875
0.1142
0.2304
0.3451
0.4524
0.5600
0.6477
Table 33. Heating profiles with different microwave powers
Tabulated data from the heating of the bioreactor system with the sole energy source being the microwave generator.
From Figure 72, the relationship between microwave power and the rate of temperature increase is
determined by the gradient of the line. As each experiment has focused on the standard time frame of
one hour, the gradient is determined over the whole time period. For the trend line fitting, a linear
trend line has been used. At lower power settings, the trend line fit coefficient of 0.9928 shows very
close linearity. As the level of power exposure increases, the fit coefficient decreases as the trend
expresses greater curvature. For the analysis of the power transmission in this experiment, and with
R2 values ranging from 0.9928 to 0.9875, the assumption of linear fit can be held as valid. At
increasing powers and as the temperature increases towards phase transition, the dipole properties of
the media would affect power absorption. When considered as temperature increase per unit energy
per minute per litre in this instance, the whole system has a value of 0.0056 dT/minlW supplied with a
fit coefficient of 0.9968 showing a linear relationship between microwave powers and heating rate
through the power band investigated. This is shown in Figure 73.
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Figure 73. Microwave power in relation to heating rate.
Gradient y = O.0056x, R2 = 0.9968
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From the system used, the method of irradiation was through a microwave generator with coaxial
cable transferring the electrical signal to the launching section and transmission waveguide attached to
the STR cavity (for details see "3.1.4. Microwave cavity. waveguide. tuning section and launcher"
(page 10 I) for whole system descriptions and methodologies, and the Appendix pages 34 - 37). As
the microwave cavity has complex internal furniture, the limitation of the apparatus is dependent on
the absorption of energy within the fluid, penetration depth of the microwave energy and energy
returned by reflection back towards the microwave source.
Although not quantified by any analytical approaches (for example, the data logging of the cable
temperature profile or reflected power on the Microtron unit), the observation of temperature increase
in the coaxial cable indicated energy inefficiency. The two scenarios hypothesised to account for the
observed temperature increase are;
I) Power saturation of the cavity, accounted for by the inability of the fluid to absorb any
additional energy from the microwave source. Excess energy exits the cavity by returning
along the waveguide and towards the microwave source via the co-axial cable. As cable can
be considered as an extension of the waveguide, standing waves within the cable account for
increase in cable temperature without showing increased reflected power.
2) Ohmic losses within the cable can cause losses in transmission to the STR through the heating
of the cable. As the cable (and therefore resistance) increases, the loss is self reinforcing. As
the resistance is proportional to the power transmitted, length of the cable and the internal
resistance, increasing the power increases the potential loss and therefore heating of the
coaxial cable.
With the Microtron used in the EP 2.1.0, system limitations with the recording of forward and
reflected verse powers obscures the observation of energy loss through the heating effect of the
coaxial cable. With the set up used 150W power transmission showed marginal heating within the
cable (cable heating that was not apparent at WOW transmission). Using 200W, the cable quickly
showed heating in the start up period (the cable becoming hot to the touch) and was deemed as
inappropriate to use due to the potential damage that could be done to the cable through the
degradation and melting of the PTFE insulators, and uncertainty of the real power transmission along
the waveguide following energy loss in cable heating. Following results from the catalysis of
cellulose by CBH and EGL at microwave powers between 0 and 150W, product evolution was
observed to increase in the 0 - l00W range with peak at 50W. 150W showed little or no
improvement over the negative control. Consequently, exploration of catalysis at 200W was not seen
as justifiable.
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Following this trial, lS0W was assumed as the upper power limit in the equipment used and no other
experiments exceeded this limit. All subsequent irradiative experiments (negative control or side
process investigation for example the substrate and enzyme negative controls), were conducted at
lOOWor below.
For isothermal stability, Figure 74 shows a section of a typical thermal profile for the hydrolysis
experiments (Cellulose-EGLlCBH -BGL, SOW). The step in temperature seen at 12 hours
corresponds to thermal correction at the beginning of the hydrolysis time frame (T=O,point of enzyme
addition). Time prior to the step in temperature accounts for the overnight system equilibration.
Subsequent files (not shown) account for whole experiment time frame (up to 160 hours).
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Figure 74. Section of thermal profile from experimental data.
Sample data taken from the thermal trace for the experiment conducted with cellulose hydrolysis by EOUCBH -BOL, SOW microwave
power. Data record shown over the first >5000 data points
The data produced demonstrated that the steady state system developed shows repeatable and
verifiable results where thermal variation is excluded. Using the data from the 12thhour onwards, the
average bulk media temperature is 49.9DC with a standard deviation of 0.096 where n = 118 data
points. For comparison to the thermal heat exchanger (Average = 49.97°C, STDEV =0.077, n = 118),
cavity wall (mean = 2S.98DC, STDEV = 1.71, n = 118) and ambient (mean = 18.937, STDEV = 2.071,
n=118), the conclusion being that the implementation of reactor temperature control has isolated the
thermal effects from the microwave effects being studied.
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The use of the K-type thermocouples were seen as reliable sensor for temperature detection, with
verification against both mercury and alcohol thermometers, and against the integrated temperature
probes in the DO probe and biocontroller. As a diagnostic tool, thermal images were taken with the
whole system in operation through the use of an infrared thermal imaging camera (Figure 75).
Although images shown show relative temperature difference between system areas, the observed
temperatures are not comparable to the temperature compiled by direct contact, and as such are
included to show the system thermal profile and not for critical analysis.
Figure 75. Thermal image of reactor in operation
Image shows the thermal reflection of the whole system under operating conditions. Approximate temperature are; I - microwave launcher
(26.5 - 27.2°C); 2 - waveguide (23.7 - 28.1 QC); 3 - external cavity wall (26.4 to 28.soC); 4 - STR flange (29.9 - 34.2°C); 5 - STR thermal
input feed (39.6 - 41.6°C); 6 - STR thermal return feed (40.2 - 38.2°C); 7 - condenser; 8 - agitator motor and gear box; 9 - The large area
with a high thermal return behind the system is the head section for the Huber heat exchanger.
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4.2.0. EP 2 - Saccharification of cellulosic materials
EP.1.0 Bioreactor design
EP. 2.3 Catalysis
BGLwith
cellobiose
EP.3.0
Fermentation
Negative Controls
Hydrolysis under standard thermal condition (Microwave negative control (Ne-MW))
Summary; The Ne-MW has shown the reference reaction progression to which controlled variables
will be applied. The reaction was repeated with BGL action on cellulose; without BGL action on
cellulose; and for BGL action with cellobiose. This gives three datasets which will be the basis for
other comparisons.
To determine the normal enzymatic rate for the modified NRELffP-51O-42629 protocol, the reaction
was conducted without microwave irradiation and thermally compensated. In each negative control
(-BGL and +BGL on cellulose, and BGL on cellobiose), a long exposure and short exposure
experiment was conducted to identify total hydrolysis profile. For EGLlCBH-cellulose based
experiments, up to 160 hours were recorded or until microbial contamination was observed. The first
30 hours were noted for significance. For BGL-cellobiose experiments, 4 hour total reaction times
were used with the first 2 hours noted for rate determination. All NC-MWs were conducted in
accordance to the methodology described in Chapter 3, 3.2.0.2. Negative controls (page 125). For
the NC-MW with respect to each subsection (E.P. 2.1, 2.2 and 2.3), three NC-MW plots are produced.
151
4.2.0.1. Ne-MW - EGLlCBH without BGL
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Figure 76. Enzymatic hydrolysis (CBHlEGL on cellulose) in the absence of microwave irradiation (NC-MW)
Experimental conditions of IOgII biomass (a-cellulose), 50°C, 300rpm agitation, CBH loading of 60FPU/g cellulose, absence of BOL.
Analysis through RI-HPLC with REZEX ROA as described previously. Data presented as grams per litre by breakdown constituent.
Substrate concentration is plotted as the reciprocal of the total accounted mass.
For the complete profile of cellulose in the presence of EGL and CBH but without BGL the following
process curves were constructed. Figure 76 shows the progression of saccharification without the
application of any microwave power over a time period in excess of 160 hours, where microbial
contamination became problematic at T = > 170 hrs. From the curves shown, the major
saccharification product was glucose.
From this initial (complete) overview, individual constituents can be compared and initial rates
calculated. The significance of the evolution and maintenance of the DP4+ peak: show is that is
showed the reduction in DP of the long chain polysaccharides where DP4+ relate to all saccharides
ranging from cellotetraose through to the longest soluble oligosaccharide. With the DP4+ at a steady
state, it may be assumed that the evolution of DP4+ was equal to the destruction of DP4+. As the
DP4+ trend appeared static over the time period investigated, there was a clear indication that
saccharification is incomplete at the end of the experiment.
As cellulose as substrate can only be determined at any given time point through solid dry mass, [S] is
inferred by mass balance. The known initial substrate concentration was 109/1 cellulose. Including
hydration when hydrolysed, the glucose equivalent [S] can be calculated by Equation 10.
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Equation 10. Empirical determination of [S]
Both [S] and [P] show rate reduction. Extrapolating both trend lines forwards suggest that with T = 00
[P] will plateau at around 6g1l suggesting a maximum yield of around 60%. As theoretical conversion
suggests that 100% conversion should be achieved in a simplistic system, observation of a limiting
system suggest either feedback inhibition related to [P] or inactivation of the enzyme to a point where
[E] = O.
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4.2.0.2. NC-MW - EGL/CBH with BGL
In same manner as the previous negative control, the hydrolysis reaction was conducted however this
time with the addition of BGL, simultaneously with EGL and CBH. Figure 77 shows the results.
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Figure 77. Enzymatic hydrolysis (CBHfEGL +BGL on cellulose) in the absence of microwave irradiation (NC-MW)
Experimental condition of IOg/l biomass (a-cellulose), 50°C, 300rpm agitation, CBH loading of 60FPUlg cellulose, absence of BGL.
Analysis through RI-HPLC with REZEX ROA as described previously. Data presented as grams per litre by breakdown constituent.
Substrate concentration is plotted as the reciprocal of the total accounted for mass.
Comparison of Figure 76 and Figure 77 shows that adding BGL causes an increase in the rate of
glucose formation. The total glucose yield at around 120 hours was just above 50% of the theoretical
maximum with minimal cellobiose concentration. The absence of cellobiose is consistent with excess
BGL as cellobiose to glucose conversion is greater than that of cellobiose evolution. From the
progress curve shown, it is concluded that the saccharification has reached an endpoint in the time
frame of 150 to 160 hours due to the observed reduction of rate to zero. [S] is calculated by mass
balance as described by Equation 10.
To focus on the initial rate conditions, the first two hours of the progress curves were examined to
estimate initial rates. The two hour time frame was the minimum that could be used as reduction to a
single hour would only contain two data points. Increasing the time frame to two hours was deemed
acceptable for the reduction of error however the lessening of the rate due to increasing the time frame
is noted. As such, all other comparisons are conducted on the same time scale (with the exception of
BGLIcellobiose) to allow direct comparison.
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4.2.0.3. Comparison of NC-MW - EGL/CBH with and without BGL
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Figure 78. Comparison of percentage saccharification with EGL/CBH and EGLlCBHlBGL
Graph illustrating the saccharification rate of the two microwave negative controls with the presence of EGUCBH with and without the
presence of BGL. Initial rate (first 6 hours) shown. Rates determined through trend line gradient; EGUCBH = O.023x; EGUCBHlBGL =
O.0358x.
From the chromatograms and results produced for CBHlEOL with and without BOL, the trends are
consistent with the expected. With xylose a constituent of hemicellulose, the residual xylose observed
«0.007 gil) is consistent with processing contamination and is not regarded as a significant factor and
therefore has not been included in yield calculations.
Cellotriose (DP3) is a minor constituent with a low capacity to be resolved to mono and disaccharide
species without the use of BGL. As such, accumulation is noted, although not used in process
definition as trisaccharides are not seen as suitable feedstock for fermentation in industrial strains.
With DP3 concentration typical of 0.5g/1(0.5% w/w), it has little significance in application.
The accumulation of cellobiose and glucose is a clear indicators of enzymatic saccharification. Of
particular interest is the accumulation of glucose in significant concentrations, significantly higher
than the expected values due to omission of BOL.
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4.2.0.4. Ne-MW - BGL with cellobiose
The negative control looked at the normal progression of cellobiose degradation by BGL. For this
experiment, the first negative control conducted expressed a very rapid progress curve with a low
sample rate (to mirror EP. 2.l. and EP. 2.2.). Consequently the negative control was repeated with a
higher frequency of sampling.
As cellobiose was the sole substrate in the reaction, only glucose was produced. This results in the
reduction of cellobiose being the substrate degradation curve and glucose evolution being the product
formation curve.
BGL loading was comparable to E.P. 2.l. NC. Following development of the previous experiments,
the initial cellobiose/BGL catalysis reaction was undertaken with an hourly sampling regime over a
time period of 600minutes with batch HPLC processing being undertaken post experiment. Initial
results recorded from the hydrolysis of cellobiose with BGL were far quicker than the expected.
From obtaining the HPLC profile, the very obvious conclusion was that the speed of the reaction
under the enzyme load used caused nearly 100% conversion within the 60 minutes, with the reaction
concluding within 120 minutes. Following the initial trial, all subsequent sampling frequencies were
reduced to 10 minutes and total reaction time reduced to 120 minutes. In repetition of the negative
Control, Figure 79 was produced.
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}figure 79. Cellobiose catalysis with BGL . Initial and repeated values for glucose and cellobiose
Edited graph to show the overlay of the initial experiment of cellobiose with BOL to the developed cellobiose-BGl, protocol. Particular
note is the progression in cellobiose conversion in the initial experiment where the sampling was at a 60 minute interval over the 600 minute
time frame. Where the catalytic rate is at its greatest, only 2 data points cover the reaction. Development of the protocol by increasing
Sampling rate (10 minute interval) and reducing total experiment time (120 minutes) shows greater detail in the initial rate of reaction.
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The enzymatic rate was determined by the cellobiose and glucose gradients. Assuming Michaelis-
Menton kinetics where a single substrate goes to a single product, the glucose productions should be
the inversely proportional of cellobiose destruction and described by Equation II. Where cellobiose
is plotted against a logarithmic scale, and the trend line plotted as a natural log of the cellobiose
concentration, a gradient of y = 5.1871 eO.037xis obtained with a R2 value of 0.98 over the 100 minute
initial time interval. Extending the sample set beyond the 100 minute mark and away from the
logarithmic stage reduces the R2 value, as the rate reduces with substrate exhaustion. For
completeness, the rate is also calculated for the initial experiment where the sample size used is two.
A comparative gradient (y = 7.4253e-o.()I8X) is obtained, with an artificially high R2 value due to being a
two point plot. Through showing the value of the initial experiment to the developed frequent
sampling experiment, the difference in data interpretation is observed .
.1G .1C
-= 2--dt dt
Equation 11. Cellobiose: Glucose correlation
Where t = time; C = cellobiose; G = glucose
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4.2.0.5. Influence of microwave energy on substrate (substrate negative control (NC-S))
• lOOW/l aqueous solution of 109/l does not undergo microwave induced hydrolysis
Summary; To establish the possibility of irradiation inducing a mechanism of autohydrolysis, the
microwave field was applied in the absence of enzyme addition. From the results compiled, the
microwave field does not cause spontaneous cellulose fibre cleavage.
Determination of microwave field effect directly on the substrate for evidence (any microwave
hydrolysis or polysaccharide degradation) was by reactor loading in accordance to a modified
NRELlTP-510-42629, with the omission of enzymes (see Chapter 3 - Experimental Design). The
reaction was carried out under irradiation at lOOWforward power «5% reflected power), over a time
course of 33 hours. lOOWwas selected with the expectation that increasing irradiation should induce
greater stress on the protein without using 150W that would have been at the limitation of the
microwave system being used (the Microtron sources and results are described on pages 102 and
146). The results concluded that in the absence of enzymes, no substrate degradation is observed.
Figure 80 shows the resultant HPLC chromatogram overlays where the solvent front (peak A) is
observed at approximately 7 minutes, citrate buffer (peak B) at 9.5 minutes. No peaks were seen in
the time period 7 to 12 minutes with the exception of the citrate peak, demonstrating the lack of action
by microwave power as a direct breakdown mechanism. In comparison of the citrate peak as an
internal standard, the average peak area value is equal to 1462225 RIU, standard deviation is 19285, n
= 12, equating to a Relative Standard Error (RSE) of 1.32%. Repeatability shows that the negative
control shows high repeatability and supports the conclusions drawn.
A B
Figure 80. Overlay of HPLC traces for 33 hour exposure of alpha-cellulose in 100W microwave field
RI-HPLC chromatogram overlay of 33 hour microwave exposure, IOgil a-cellulose, IOOW microwave power. HPLC conditions used were
REZEX ROA column with 4mM H2S04 mobile phase at 0.6mllmin in a column oven at 65°C. A; solvent front. 8; Citrate buffer.
Horizontal axis is indicati ve of elution time with total elution phase of 30 minutes, vertical axis is in mV response CL'; RIU).
With the exposure of the substrate to the microwave field, it can be concluded that any hydrolysis
observed in the standard enzymatic reaction is due to an enzymatic effect rather than autohydrolysis
of the substrate in the microwave field.
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4.2.0.6. Influence of microwave on enzyme degradation (Enzyme negative control
(Ne-E)
• lOOWl1aqueous solution containing 40FPUlg cellulose "cellulase" (EGL & CBB) does not
exhibit modification post irradiation
Summary; Applying a microwave field to CBH and EGL in aqueous solution does not modify the
enzyme structure in a permanent manner which can be used post exposure. The effects seen in later
experiments, (expressly the increase in rate while in solution with cellulose), can be concluded to only
occur when the enzyme is in complex with the substrate within the microwave field.
To determine the effect of the microwave field on the enzyme in free solution, a modified protocol of
the NRELfTP-SI0-42629 (Measurement of Cellulase Activities) was used (see Chapter 3 -
Experimental Design) whereby the selected enzymes were exposed to the microwave field and then
reacted with a known mass of cellulose material (filter paper, lOmm x 60mm) under standard
conditions. The liberation of the glucose and cellobiose from the filter paper will correlate to the
enzyme activity using NRELfTP-SI0-42628.
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Figure 81. Determination of enzyme activity after microwave exposure determined by a modified NRELITP-510-
42628 . .1 _I •
Yield of DP2 and glucose. Gradients; glucose = -0.002g.l hr exposure; cellobiose = 0.0012 g.llhr' exposure.
From the data produced, irradiation of the "cellulase" (CBH and EGL at lOOW)for up to 33 hours
does not appear to significantly alter the enzyme activity. The data presented in Figure 81 highlights
the initial exposure period (0-10 hours), while the complete profile is shown in the Appendix. With
increased exposure times from 0 to 10 hours, the concentration of cellobiose was seen to mean
average 0.226g11,with a standard deviation of 0.004 (where n=lO) and a confidence limit of 0.128.
With respect to glucose, the mean is 0.0124g/1, with a standard deviation of 0.004 (where n=1O)and a
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confidence limit of 0.07. With consistent values for glucose, the mechanism of action is seen to be
unaltered over the time period. By looking at the percentage saccharification for each individual
sample time point, the average conversion is 1.121% of input biomass, with a standard deviation of
0.0003 (n=10) when considering a time frame of 0 to 10 hours. From this experiment, it can be
concluded that the effects seen in subsequent experiments are specific to the enzyme being in complex
with the substrate. This concludes that there is no correlation between microwave exposure in the
absence of substrate with irradiation time.
As the procedure is based on the NRELffP-SIO-42628 protocol, the incubation period used was
limited to 1 hour and the enzyme loading is identical to the enzyme loading used in the reactor to
mimic experimental condition (enzyme per unit volume of aqueous media and microwave field
density). As such, a number of observations have to be assumed. In NRELffP-SI0-42628, the
assumption is that the assay is used for the determination of FPU from a fungal strain. In extracellular
cellulase expressions, the complement of enzymes is undefined, therefore it will be a mixture of EOL,
CBH and BOL of varying ratios. As the FPU method does not differentiate between individual
enzyme classes, the FPU value is determined as "cellulase" FPU. Experiments carried out in this
iteration of the negative control are through the omission of BOL, thus reducing the glucose observed
to the limit of the current HPLC method of detection. For greater insight into the FPU in relation to
known enzyme loading, redevelopment of this protocol is required.
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4.2.1.0. EP 2.1.0. - Cellulase hydrolysis by CBHIEGL - BGL with microwave
irradiation
E.P. 2.2 - Catalysis
CBH/EGL + BGL
with cellulose
EP. 2.3. - Catalysis
BGL with
cellobiose
E P. 3.0-
Fermentation
EP. 2.1.2 - Variation of biomass~------------------------/
• sOWl1 aqueous solution containing lOgl1 cellulose and 40FPUIg "cellulase" (EGL & CBH)
showed the greatest (205%) increase in initial rate over the negative control
• The relationship between irradiation power and alteration of initial rate is non-linear
Summary; SOW microwave power in this instance of this experiment increase the initial rate by 3.06
times that of the reference negative control as measured by initial rate of saccharification (0/0).
Glucose evolution has the greatest enhancement, suggesting an alteration in glucose/cellobiose
liberation. Increasing the microwave power does not result in increased saccharification, with 150W
showing only marginal benefit over the reference control experiment.
For the investigation of the influence of microwave energy on the enzymatic rate of cellulase
enzymes, microwave power settings of 50, 100 and 1S0W were implemented in comparison to the
negative control of no microwave power. Conditions were standardised and temperatures were
constant at SO°C to avoid thermal bias. From the experiments conducted, the system showed a
constraint on the maximum power that reactor could be subjected to. The planned upper limit of
200W was not used due to the observations described in EP 1.0 (page 146).
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Figure 82. Glucose production in varying microwave power (full plot)
Full plot of glucose evolution by microwave power.
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For subsequent fermentations, the product with the greatest significance will be glucose. From the
glucose evolution profile, the greatest rate production was seen in the 50W reaction with reducing
catalysis seen in lOOW (see Figure 82). Increasing the microwave power to 150W was seen to
decrease the rate to below the rate observed for catalysis without any microwave irradiation. It can
be seen that glucose evolution rate is not simply proportional to the applied microwave power. As the
glucose evolution will be dependent on the rate of depolymerisation and as cellobiose will be the
intermediate on the pathway to glucose, the cellobiose profiles are shown in Figure 83.
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Figure 83. Cellobiose production in varying microwave power (full plot)
Full plot of cellobiose evolution by microwave power.
Figure 83 shows the microwave irradiation to have a clear rate altering effect across the 50 - 150W
power band with the greatest rate alteration seen in the concentration of cellobiose under 50W
microwave power. By looking at the time point of 32 hours in both the glucose and cellobiose
evolution plots, the difference between concentrations of product obtained at different microwave
power settings can be quoted (see Table 34). The table shows that through the irradiation of the
reaction, the concentration of products is enhanced.
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CBHlEGL· BGL T = 32hrs Increase upon OOOW value
Microwave power Glucose Cellobiose Glucose Cellobiose
(gil) (gil) (factor) (factor)
0 1.895 0.558 1 1
50 3.550 2.100 1.873 3.763
100 2.495 1.345 1.136 2.410
150 1.473 0.971 0.777 1.740
Table 34. Table of microwave influence on product formation and rate alteration
In Table 34 it is noticeable that the increase is concentrations between glucose and cellobiose are
proportional by a factor of two, where the cellobiose increase factor is twice that of the glucose
increase. Using the same data interpretation through the other comparable time periods, this is not
seen as a consistent trend (see Figure 84).
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Figure 84. Comparison of microwave power rates to MW·NC
Data normalised against OOOWMW-NC.
Basing further analysis on the initial rates of hydrolysis, the time frame considered was reduced to
two hours. Plotting glucose as the major constituent of interest, and cellobiose as the major
intermediate of interest, the graph presented in Figure 85 was produced along with the %
saccharification graph Figure 86.
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Figure 8S. Initial rates for glucose and cellobiose production in varying microwave power
Conditions; 109/l biomass (a-cellulose), 50DC, 300rpm agitation, CBH loading of 60FPU/g cellulose, absence of BGL. Analysis through
RI-HPLC with REZEX ROA as described previously. Data presented as grams per litre by breakdown constituent (glucose).
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Figure 86. Summary of results - Percentage saccharification by microwave irradiation (+EGL/CBH -BGL)
Conditions; IOgII biomass (a-cellulose), 50°C, 300rpm agitation, CBH loading of 60FPU/g cellulose, absence of BOL. Analysis through
RI-HPLC with REZEX ROA as described previously. Data presented as percentage of material hydrolysed per unit of time against power
of microwave irradiation.
Microwave Glucose
Cellobiose
power
Intercept R2 Difference R2Watts Gradient Gradient Intercept
Difference
(dP/d[T]) (gil) (%) (dP/d[T]) (gil) (%)
0 0.131 0.00 0.924 100 0.066 0.08 0.926 100
50 0.206 0.66 0.899 198.3 0.258 0.08 0.903 389.9
100 0.155 0.12 0.953 118.3 0.248 0.60 0.874 374.4
150 0.096 0.17 0.901 73.7 0.115 -0.03 0.938 174.0
Microwave % saccharification
power
Gradient Intercept R2 DifferenceWatts
(dP/d[n) (gil) (%)
0 0.026 0.00 0.893 100
50 0.080 0.03 0.964 300.8
100 0.056 0.00 0.988 210.5
150 0.020 0.01 0.978 75.6
Table35. Summary of initial rates for CBHlEGL on cellulose with varying microwave irradiation
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Figure 87. Percentage difference in initial rates toMW·Ne
Difference in [P] (glucose and cellobiose) and % saccharification by microwave power when normalised against the microwave negative
control. Data used from Table 35. Black dotted line used to show 100% reference.
From the comparison of results, the microwave field was shown to produce a measurable difference
when compared to the negative control. The greatest increase in initial enzymatic rate in comparison
to the negative control was observed in the SOW reaction (increase of 289% in cellobiose, 198% in
glucose and 200% in saccharification).
Using the rate of saccharification, SOW irradiation is shows the greatest initial rate increase in
comparison to the negative control. Decreasing conversion is seen with increasing field strength in
comparison to the control (lOOW= x3 increase). At powers greater than WOW, the enzymatic rate is
retarded in comparison to the negative control (lS0W = x1.29 decrease).
The two part mechanism of cellulose to glucose conversion is observed first in the cellobiose profile;
and secondly in the oligosaccharide (cellobiose, DP3, DP4, DP4+) to glucose.
The diminishing product formation seen in the lOOWcellobiose trend line is countered by an increase
in glucose concentration. When observed as total fermentable sugars or as % of saccharification, the
continual evolution of yield reflects a proportionate decrease in substrate.
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Figure 88. Percentage saccharification against microwave power based on initial rates
Figure shows the power curve in cellulose conversion.
Figure 88 clearly shows the non-linear relationship between the rate of saccharification and
microwave power. The conclusions that can drawn from this section of experiments show that where
the increase in power applied is non-linear to the resultant saccharification, the greatest beneficial
effects is apparently seen at SOWforward power. Further increase to lOOWor 150W gave no further
enhancement but instead decreased. Based on the data produced from the initial rates of each
experiment, subjecting the enzyme catalysed reaction to SOWmicrowave power increases the initial
rate by 4 times.
Detailing the rate alteration in the constituents of glucose and cellobiose gives comparable results (see
Figure 89) each showing the increased rate at 50 Watts. From the data produced, the optimal power
appears to be in the region of SOW power per litre solution containing IOg/l cellulose.
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Figure 89. Initial rates for EGL/CBH -BGL on cellulose with variable microwave irradiation (Constituents and
percentage saccharification)
As the analysis is based on a four value plot (negative control and three variables), the true optimal
value is unknown but hypothesised to lie between 0 and lOOW with 50W shown to closest to optimal
in this experiment. Sweeping the power band for dose response (Bayesian inference) was not pursued
due to time pressures.
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4.2.1.1. EP 2.1.1. -Investigation for inhibition of residual BGL through the
addition of vanillin
EP 1.0 - storeactor design
E.P. 2.2 - Catalysis
CBH/EGl + BGL
with cellulose
EP. 2.3. - Catalysis
BGL with
CE llobiose
E.P. 3.0-
Fermentation
EP. 2.1.0 - CBH/EGL on cellulose with MW Irradiation
EP. 2.1.2 - Variation of biomass
• The alteration of rate observed in EP 2.1.0. lS not due to BGL contamination m the
commercial "cellulase" preparation
Summary; With the addition of vanillin to the eBB/EGL enzyme preparation at varying vanillin
concentrations, no effect is seen on enzymatic rate, indicating that increased glucose evolution seen in
the previous experiment is not due to enhancement of a BGL contaminant.
BGL catalysis is known to be inhibited by vanillin addition [59]. By looking for alteration in glucose
evolution in the presence of vanillin, the determination of BGL contamination in the EGLlCBH
preparation can be determined as a meaningful alternative to protein separation and SDS-PAGE
analysis. Experiments were conducted using the previously described methods where the aim is to
see if the increased evolution of glucose is due to alteration of EGLlCBH activity or through the
amplification of contaminant BGL. Vanillin has a greater inhibitory effect on BGL over CBH and
EGL, therefore BGL inhibition will be observed if the glucose:cellobiose ratio shifts in favour of
cellobiose accumulation. From the data produced, no shift in ratio is observed (see Figure 90).
Vanillin to cellulase ratios of 0.41: 1 through to 16: 1 were explored where the expected 50% reduction
in BGL would be expected at a ratio of 4: 1 assuming a pure BGL enzyme preparation. The results
compiled show no deviation in hydrolysis across the ratio range, indicating that BGL contamination
was not present.
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Figure 90. Glucose:Cellobiose ratio in comparison to Vanillin concentration
Tend lines; 1 hour = -0-002x + 1.4331; 4 hours = -0.1455x + 2.6247; 72 hours = -1.0346 + 39.737.
From the data produced, no apparent alteration in catalysis profile was observed with vanillin addition
indicating that BGL contamination is not a significant factor and the results observed in B.P. 2.l.0.
cannot be attributed to preferential enhancement of BGL content.
In development of the process, samples were taken at the 1 hour time point as described in the initial
method, with more detailed examination by the addition of further time extensions. In extending the
time profile to 4 hours, the resolution of the reaction was increased with respect to glucose (error
margin reduced from 6.18% at 1 hour to 0.02% after 4 hours taking into account experimental error)
whereas extension of the experiment to 72 hours showed an increase in error to 10% due to the
opportunity for contamination. The alteration of incubation time was seen as beneficial for the
removal of potential variability that can observed in the initial rate conditions, especially in low
catalytic rate reactions where product concentrations may be low. By extension to the 72 hour point
(analogous to the 60 hour reaction previously undertaken) sufficient product could be formed,
however under the constraint of potential microbial contamination. To counter product degradation
due to contamination, all experiments were conducted with microbial repression by the inclusion of
antibiotics at the start of incubation. Repeated dosing was not conducted to prevent alteration of
ethanol concentration for the antibody dilution factors in each reaction.
By regression of the obtained sample results by time variable and vanillin concentration, analysis of
saccharification rate and glucose/cellobiose evolution can be determined. Examination of variation of
vanillin concentration shows the increase in vanillin from 0 rng/rnl through to 2 mg/rnl does not show
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measurable alteration of rate in comparison to the negative control of 0 mg/ml vanillin. As such,
increased glucose evolution due to the microwave stimulation of BGL over CBHlEGL can be
concluded as not being the mechanism of action in E.P. 2.1.0.
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4.2.1.2. EP 2.1.2. - Variation by biomass
EP 1.0 - Bioreactor design
E.P. 2.2 - Catalysis
CBH/EGL + BGL
with cellulose
EP. 2.3. - Catalysis
BGL with
cellobiose
E.P. 3.0-
Fermentation
EP.2.1.0 - CBH/EGL on cellulose with MW irradiation
EP.2.1.1- BGL inhibition by vanillin
Summary; By the study of glucose formation, variation of biomass in the microwave field of sow is
shown to maintain the same hydrolytic rate. As such, it can be assumed that [E] is at saturation by
cellulose. In overall product formation, SOg!l and ICg/i loading show comparable rate. Viewed as
cellobiose formation, SOg!l is shown to have a greater evolution due to the increase of binding sites
with hydrolytic affinity (free ends). By percentage saccharification, SOg!l shows a scaler factor of 4.3
compared to S that would be expected.
For the determination of enzyme saturation due to the low loading of cellulase enzymes, biomass
variation was conducted through the increase of cellulose from 109/I to SOg/1 in an irradiated
microwave field of SOW. SOW power was selected following analysis of the previous experiments
concluded in EP. 2.1.
For analysis, the results are compared to previously obtained values for SOW catalysis with 109/I
substrate loading.
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Figure 91. Glucose production at substrate loadings of lOgll and SOgll cellobiose at SOW and Ne-MW at lOgll
172
Figure 91 shows the evolution of glucose by biomass variation with the MW-NC for E.P. 2.x
included. From the traces produced, there is little discernable variation in total rate with variation of
loading, indicating that the system is most likely to be in substrate saturation. As the curve created
at 10g/l is comparable to SOg/l at SOW, amplification in rate is observed in both systems in
comparison to the MW-NC. Of note in this reaction is the omission of BGL, therefore the glucose
end product is derived from CBH action.
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Figure 92. Cellobiose production at substrate loadings of lOgll and SOgllcellobiose at SOWand MW-NC at lOgll
For full plot, refer to appendix.
In the experiment conducted, the omission of BGL should equate to a variation in the evolution of
cellobiose which is observed in Figure 92. In confirmation to Figure 91, variation to the MW-NC was
observed. Of note is the variability for cellobiose yield between SOg/l and 109/I. the increase in
cellobiose concentration is hypothesised to be in relation to the number of free ends due to EGL
hydrolysis and the increase probability of CBHlsubstrate complex.
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Figure 93. Initial rates for glucose production at substrate loadings of 109/l and SOg/lcellobiose with SOWand NC-
MWat 109/l
Initial rates for both glucose and cellobiose were determined by comparison of the first two hours.
The rates observed show clear deviation to the negative control with glucose rates approximately 3
times greater than the thermal and cellobiose approximately 5 times greater.
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Figure 94. Comparison of 109/l and SOgllsubstrate loading with SOWirradiation by initial rates of percentage
saccharification.
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Observation of total saccharide release by initial rates shows similarity between SOg/1 and 109/1 at
SOW irradiation. In comparison, % saccharification belies the conversion factor by total mass. Where
the rate of % saccharification appears below the rate observed in the MW-Ne, this is expected due to
the increase in substrate. By interpretation of rate based where the initial rate at SOg/1is compared to
109/I, a rate factor of 4.27 is observed, typifying the Sx increase in biomass.
Microwave Biomass Glucose Cellobiose
I!0wer loading
Watts gIL Gradient Intercept R2 Difference Gradient Intercept
R2 Difference
(dP/d[n) (gil) (%) (dP/d[T]) (gil) (%)
10 10 0.182 0.02 0.959 100 0.116 0.06 0.999 100
50 10 0.409 0.06 0.938 224.2 0.490 0.04 0.980 423.4
50 50 0.349 0.05 0.947 191.3 0.681 0.Q7 0.968 588.5
Microwave Biomass % saccharification
l!0wer loading
Watts giL Gradient Intercept R2 Difference
(dP/d[T]) (gil) (%)
10 10 0.298 0.05 0.983 100
50 10 0.899 0.10 0.964 301.4
50 50 1.030 0.12 0.963 345.3
Table 36. Summary of initial rates for biomass variation (10 and 50g/lat SOWirradiation) against MW-NC (10g/l)
LOg/I(MW-NC) 10 (SOW) 50 (SOW)
_ Glucose - Cellobiose % saccharification
Figure 95. Percentage difference in initial rates of 10g/land 50g/lat SOWto 10g/lMW-NC
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4.2.2.0. EP 2.2.0. - Cellulose hydrolysis by CBHIEGI +BGL with varying
microwave irradiation
EP.2.1 Catalysis
EP.1.0 Bioreactor design CBH/EGLwith
cellulose
BGLwith
cellobiose
EP.3.0
Fermentation
• 25W/l aqueous solution containing 10g/1 cellulose and 40 FPUlg substrate "cellulase"
(EGL & CBH) and 111.7CBU/g BGL showed the greatest (65%) increase in initial glucose
rate and greatest glucose yield (~30%) over the negative control
• The relationship between irradiation power and alteration of initial rate is non-linear
Summary; The most significant conclusion from this experimental package is that microwave
irradiation has increased both the initial hydrolytic rate and the total reaction yield. With a non-
linear relationship between rate and microwave power, 25W irradiation was shown to increase total
yield by 25%, initial glucose rate by 65% and initial % saccharification rate by 65%
For the determination of EGLlCBH hydrolysis with excess BGL, the previous experiments were
repeated with the addition of excess BGL as previously described. The power of the microwave
irradiation was reduced in accordance to the SOW optimum seen in EP. 2.1 (Variable microwave
power on EGLlCBH with cellulose). Re-establishment of the optimum around the SOW threshold was
executed with powers ranging from 12W through to 7SW.
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Figure 96. Glucose production in varying microwave power (full plot)
Full plot of glucose evolution by microwave power.
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As previously discussed, the product of greatest interest was glucose. With the presence of BGL in
the solution for the hydrolysis of cellobiose, the completed end reaction product should have been
solely glucose, assuming no inhibition in an ideal system. From the full time scale plot for glucose
seen in Figure 96. 2SW microwave power saw the greatest product formation over the total time
period. Powers of 12W, SOWand 7SW are all above the negative control values. Of considerable
note is the lack of further product formation in the MW-NC beyond 120 hours with a final glucose
concentration of approximately 6g/1. Compared to the microwave irradiated results, each microwave
power shows greater total product formation (between 7 and 8.7g/l) to the MW-NC.
The expectation of BGL in excess should show minimal trace amounts of cellobiose. This is seen and
confirmed as expected in Figure 97.
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Figure 97. Cellobiose producti~n in varying microwave power (full plot)
Full plot of cellobiose evolution by rrucrowave power.
Further analysis of the initial rates for glucose and cellobiose are presented in Figure 98 for
constituent accumulation and Figure 99 for percentage saccharification. Noticable is the inverted
relationship of initial rates compared to trend in the 12W and 24W initial rates. This is expected to be
an artefact in data collection due to sample resolution
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Figure 98. Initial rates for Glucose production in varying microwave power
Conditions; IOgil biomass (a-cellulose), 50°C, 300rpm agitation, CBH loading of 60FPU/g cellulose, BOL loading of I680BU/g cellulose.
Analysis through RI-HPLC with REZEX ROA as described previously. Data presented as grams per litre by breakdown constituent
(cellobiose).
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Figure 99. Percentage saccharification of cellulose with EGL, CBH and BGL with variable microwave irradiation
(EGLlCBHlBGL)
Conditions; IOgll biomass (a-cellulose), 50°C, 300rpm agitation, CBH loading of 60FPU/g cellulose, BOL loading of I680BU/g cellulose.
Analysis through RI-HPLC ~ith REZEX ROA as described previously. Data presented as percentage of material hydrolysed per unit time
against power of microwave irradiation.
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For the determination of the theoretical maximum yield, curve fitting of the raw data was undertaken.
using the method explained in "Curve fitting data" on page 122. The resulting plot with combined
raw data and curve fit data is shown in Figure 100. For clarity, the raw data is shown as black lines
and is a replication of the data displayed in Figure 96.
Of significance for further investigation is the increase in yield observed, particularly at 2SW where
the yield is 44% higher than the negative control. Whereas yield limitation is expected (as outlined in
"2.3.6. Cellulase enzyme quantification/qualification" on page 44), the increase in yield as opposed
to rate suggests a modification to a mechanism within the enzyme-complex relationship - possible
alteration of either a feedback inhibition loop or increase mobility to carry out further catalysis ..
Further investigation of this phenomenon would be of significance to the processing industry as it
would allow greater product yield per unit cellulase added.
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Figure 100. Curve tit data for CBHlEGLIBGL catalysis of cellulose with microwave irradiation
Dashed lines show the curve fit data. Black lines the raw data, replication of data as seen in Figure 99. Colours in the raw data have been
omitted to show clarity in the curve fit plots.
180
Microwave Glucose Percentage saccharification
ower
Gradient Intercept R' Difference Yield* Difference Gradient Intercept R' Difference
Watts (d[P]/dT) (%) (gil) % (%/hr) (%)
0 0.318 0.34 0.95 lOO 6.2 lOO 0.0289 0.03 0.955 100
12 0.454 0.67 0.96 143 7.7 l24.2 0.0375 0.08 0.985 l29.7
25 0.525 0.34 0.96 165.2 8.9 143.5 0.0477 0.03 0.965 165
50 0.491 0.39 0.95 l54.4 7.4 119.6 0.0414 0.05 0.956 143.2
75 0.464 0.26 0.96 146 7.8 125.8 0.0402 0.03 0.962 139.1
Table 37. Summary of initial rates for CBHJEGL + BGL on cellulose with varying tnicrowave irradiation
'yield determined by extrapolation of data from curve fitting to a suitable point of negligible rate change.
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Figure 101. Percentage difference in initial rates
From the graphs presented, the percentage saccharification near matches glucose evolution as the
majority of intermediates were converted either directly or indirectly to glucose. Both initial rates
plots showed the greatest enhancement at 25W over the MW-NC. As the powers used in this study
were a refined band of the previous study, variation between powers was much less. Even so, a
noticeable increase was still observed above the MW-Ne. The percentage saccharification rate in
E.P. 2.2. was much lower than E.P. 2.1. due to increased action through the whole process.
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4.2.2.1. Comparison of reference reactions (+BGL and -BGL) to SOW
microwave irradiated (+BGL and -BGL)
Summary; Comparison of the reference reactions (+BGL and -BGL) were examined in the NC-MW
section. Development into the microwave enhanced experiments looks at each +BGL and -BGL
variant as separate entities. In this section, cross referencing the effect of BGL in the EGUCBH
+BGL system against EGUCBH -BGL system at a common microwave irradiance point is examined.
From the results obtained, SOW of microwave power increases the -BGL initial rate by 3.5 times
compared to +BGL initial rate increase of2.29 times.
From the data seen in the previous negative controls, the inclusion of BGL in the hydrolysis process
increases the initial rate from 0.0336 to 0.0475 % saccharification per minute (1.4 times increase in
rate). As the 50W power range was used in both +BGL and -BGL reactions, cross referencing initial
rates from the experiments involving cellulose breakdown due to hydrolysis with EGL and CBH with
BGL against analogous experiments without BGL at the same microwave exposure allows the
examination of rates at comparable points.
From the graphs shown in Figure 103 for 50W microwave irradiation, the figures quoted for initial
rate do not represent to whole catalysis profile. Whereas the hydrolysis in the absence of BGL shows
a higher initial rate (1.848% saccharification/min) in comparison to with the presence of BGL
(0.065% saccharification/min), by extending the time period (as seen in the left image of Figure 103),
the % saccharification at times greater than approximately 6 hours favours the hydrolysis in the
presence of BGL. As feedback cellobiose inhibition can cause limitation in hydrolysis, it is
hypothesised that this is what is observed as the EGLlCBH -BGL catalysis reaches approximately
40% saccharification. With extrapolation of the curve seen in the +BGL reaction, it is suggested that
total saccharification in this instance is likely to be greater than 60%. This is within the expected
system's feedback inhibition removal through the clearing of cellobiose to glucose. By cross
referencing Figure 103, Table 19 can be drawn.
Glucose ([P]/min) Cellobiose ([P]/min) Percentage saccharification
(%/rnin)
-BGL +BGL As % of -BGL +BGL As %of -BGL +BGL As % of
NC- NC- NC-
MW MW MW
NC-MW 0.131 0.318 142.7 0.066 nla 0.026 0.027 93.1
SOW 0.206 0.491 138.6 0.258 nla 0.080 0.065 81.25
As%ofNC-MW 157.3 154.0 390.9 nla 275.86 240.7
Table 38. Comparison of addition ofBGL with and without microwave irradiation
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Figure 103. SOWc~mparison ?fEGL/CBH -BGL ~nd ~GLlCB!I +BGL.
Total hydrolysis and initial hydrolysis plots. Top; % saccharification evolution of the time course of >30hrs. Bottom; Initial rates
determined by first 2 hours of hydrolysis.
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4.2.3.0. EP. 2.3.0. - Cellobiose hydrolysis by BGL with varying microwave
irradiation
EP. 2.1 Catalysis
CBH/EGL with
ce lulose
EP. 2.2 Catalysis
CBH/EGL + BGL
with cellulose
EP. 2.3 Catalysis
BGLwith
cellobiose
EP.3.0
Fermentation
• Irradiating 1 litre solution containing 109/l cellobiose and 117CBUlg substrate BGL shows
a non-linear increase in initial reaction rate at cross the 12-7SW power band investigated.
Summary; In the investigation of microwave influence on BGL, rate amplification is observed across
the microwave power range of 12 - 75 Watts. The peak observed enhancement is 1.7 times greater
than the reference negative control, with a mean enhancement of 1.5 times above the reference rate
across the 12 - 75W power band.
For the comparison of microwave energy on BGL catalysis, the experiment was conducted according
to the methods described in Chapter 3 (3.2.3.0. EP 2.3.0. - Cellobiose hydrolysis by BGL with
microwave irradiation, page 132), with the sampling frequency increased due to the results seen in the
negative control as described previously (4.2.0.4. NC-MW - BGL with cellobiose, page 156). The
conversions observed where microwave power is the only variable are shown in Figure 79 and Figure
104
18
16
14
12
~ 10
~
80U
6
4
2
0
0 2 4 6 8 10 12 14 16 18 20
Time (minutes)
...... OOOWGlucose (repeat)
___ 050W Glucose
...... 012W Glucose
075W Glucose
~025W Glucose
Figure 104. Glucose evolution through the hydrolysis of cellobiose by BGL with variable microwave irradiation
Conditions; IOg/1 biomass (cellobiose), 50°C, 300rpm agitation, BG.L loading of 168GBU/g cellobiose. Analysis through RI-HPLC with
REZEX ROA as described previously. Data presented as grams per litre by breakdown constituent (glucose).
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Figure 105. Cellobiose degradation through the hydrolysis of cellobiose by BGI with variable microwave irradiation
Conditions; IOg/1 biomass (cellobiose), SO°C, 300rpm agitation, BOL loading of 1680BU/g cellobiose. Analysis through RI-HPLC with
REZEX ROA as described previously. Data presented as grams per litre by breakdown constituent (cellobiose).
Microwave power Glucose Cellobiose
Watts Gradient Intercept R2 Difference Gradient Intercept R2 Difference
(dPfd[T]) (gfl) (%) (dPfd[T]) (gfl) (%)
0 0.34l l.51 0.984 100 -0.241 6.85 0.944
12 0.597 4.00 0.990 173.1 -0.396 6.29 0.973 164.3
25 0.509 1.75 0.900 149.3 -0.342 6.53 0.481 141.9
50 0.497 3.64 l.000 145.8 -0.300 5.48 0.999 124.5
75 0.576 3.26 0.999 168.9 -0.408 7.11 0.966 169.3
Table 39. Summary of initial rates for BGL on cellobiose with varying microwave irradiation
The data produced has shown the excessive rate of catalysis seen in the reaction of BGL and
cellobiose. Where the rate has been determined, the data can only be used as a representative of the
reaction system, rather than a refined study of irradiative influence. Slowing the reaction through the
reduction of BGL addition to allow greater sample resolution and accuracy would greatly improve the
quality of the data presented. However, by looking at loading variation, the correlation between the
isolated BGL-cellobiose system and the total CBHlEGLlBGL-celiulose system would be lost.
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Figure 107. Glucose evolution rate against microwave power
Figure shows the power curve in cellobiose to glucose conversion based on initial reaction rates. Error bars defined using standard error
function.
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From the graph produced in Figure 107 it is apparent that the influence of the microwave irradiation
on the enzyme is non-proportional and non-linear in nature, therefore a term of [P).min·'.W·' cannot
be defined. As such, it can be noted that under microwave influence, the rate of product formation per
minute ([P).min·') is elevated across the power band of 12-75W (mean average of 1.5 times above
reference data) with the greatest increase seen at 12W (1.7 times greater than the reference).
In the initial experiment, the reference initial rate of catalysis is 20g.min·'.Watt·' compared to
32g.min·'.Watf' for the mean average of the power range 12-75W. With a standard deviation of
2.9g.min·'.Watr' with irradiated rates, the degree of confidence limit is defined as 2.8g.min-'.Watf'
indicating that the likelihood of this pattern occurring through random sampling being less than 0.5%
chance. This confirms that the increase in initial rate observed is from microwave irradiation and not
from chance.
From the shape of the graph in Figure 107 there is the suggestion that the microwave effect maybe in
an "all or nothing" action in the powers studied. With the 12W value being significantly greater than
that for the reference reaction, it is highly likely that there will be a response curve between 0 and
12W.
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4.3.0.0. EP 3 - Fermentation of Saccharomyces cerevisiae as a model eukaryotic
system
EP.2.1 Catalysis
EP. 1.0 Bioreactor design CBH/EGL with
cellulose
EP. 2.2 Catalysis
CBH/EGL + BGL
with cellulose
BGL with
cellobiose
EP.3.0
Fermentation
Saccharomyces cerevisiae (brewer's yeast) fermentations were undertaken using the methods
previously described in "3.3.0.0. EP. 3.0 - Fermentation," pages 133. Each fermentation was data
logged according to the described method and regular samples were taken for HPLC analysis.
Negative control (thermal conditions) and data analysis
Relating optical density to cell density
Optical density was recorded at each fermentation sampling point, with recordings made at 600nm.
Following the first few hours of fermentation, the analysis was further enhanced by the recording of a
50% and 75% dilution as well as the 0% dilution to ensure OD readings were maintained within the
range of the spectrophotometer.
For calibration, a standard fermentation without rrucrowave influence was conducted, with cell
counting being recorded simultaneously to optical density. Cell counts were taken with the 0%
dilution and 50% dilution to ensure recording within a suitable reading frame. The results for the
relating of OD to cell density are shown in Figure 109 while an example microscope image is shown
in Figure 108.
Figure 108. Light microscope determination of cell density
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Figure 109. Relating optical density to cell density
Fermentation profiling
Fermentation profiling was done through the use of the Broadley James Technologies Ltd
biocontroller interfaced through the eLogger software (complete methods are described in Chapter 3 -
Fermentation profiling, page 135). Figure 110 illustrates a difficulty observed in determining
fermentation progress. In comparison to aerobic fermentation where continuous gas flow through the
system allows for empirical determination of oxygen uptake and carbon dioxide evolution, anaerobic
fermentation has an inherent limitation in mass flow. With the equipment used, the determination of
mass flow with known concentration was not feasible. For development, a theoretical system has
been devised although not deployed due to the time constraint for development and verification.
With the limitation noted, fermentation profiling by OD/cell density correlated to glucose uptake and
EtOH evolution has greater empirical justification.
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Figure 110. Fermentation profiling by pH, gas exchange and temperature
HPLC analysis of fermentation products
For the determination of glucose uptake and ethanol evolution, methods described previously were
used (see pages "HPLC analysis of fermentation products" (page 136); "Standard curves for
determination of fermentation products,"(page 136); "Data processing,"( page 136».
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Figure 111. Fermentation negative control. Profile by glucose, ethanol and optical density
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The profile produced through thermal control of the media temperature was used as the base line by
which varying microwave irradiative powers could to compare. Figure 111 shows the raw data plot
produced prior to curve fit analysis. Key fermentation features are the lag phase (0 - -9hrs);
exponential growth phase (-9 - 30hrs); and carbon exhaustion (-29-30 hrs).
As the carbon source is seen to be completely consumed and the corresponding stop in product and
biomass production, the fermentations conducted are defined by carbon limitation. In further
investigation with varying irradiation, each parameter of glucose uptake, ethanol evolution and
biomass increase are considered individually.
For evaluation of repeatability, the comparison of the negative control by ethanol production is
compared (see Figure 112). Of note is the result frequency, particularly in the 15 to 30 hour time
frame. In the original data set, the 15 - 30 hour time frame coincided with the time period away from
the laboratory. Modification of the inoculation time to a later start point, allows the 16th hour to be
delayed to a suitable time point at the start of the working day. This has allowed greater result
resolution through the exponential phase for curve fitting.
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Figure 112. Comparison on ethanol production ~ith '."'0 irradiation in repeat data sets and fit modelling
Fit modelling using two curve fit models. Left; Assumed sigmoid curve. RIght; Growth [united curve.
In Figure 112 two data analysis methods are used for curve fitting. In the upper plot, the curve fit is
assuming that the data fits a sigmoid trend, where ethanol production is exponential in the first phase,
linear in the middle phase and inverse exponential as the rate retards. In reality, the data shows a
sudden stop in ethanol production due to carbon exhaustion. As such, the slowing of the rate is not
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observed. To cater for this discrepancy, the lower plot in Figure 112 is produced where the curve
fitting is based on curve matching of the fit line to the actual data, regardless of upper limit.
For comparison, the gradient of the exponential phase is used for determination of production rate. In
comparing the two curve fit models, Table 40 is produced.
Curve fit model 1 Curve fit model 2.
ow
ow (repeat)
0.32
0.24
0.32
0.24
Table 40. Comparison of gradients in two curve fit models
With no observed difference in gradient by fit model, the established model previously described
("3.3.0.0. EP. 3.0 - Fermentation - Data processing," page 136) was used in the processing of all
subsequent data set - including glucose uptake.
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4.3.1.0 EP 3.1. - Investigation of variable microwave power on the growth of
Saccharomyces cerevisiae
• Irradiation of S. cerevisiae in the power range has little observable effect in the power
range ofO to 50 Watts
• Alteration in rate observed are subtle and not conclusive of enhancement, but show that
cells maintain viability
Experimental data shows that through the irradiation of the Saccharomyces fermentation in
microwave field strengths of 0 - 50 Watts has little effect on either growth rate or metabolic turnover
as values of show little appreciable difference to the negative control.
Biomass by optical density.
From the biomass determination, variability in the record results is shown in Figure 113. For analysis,
curve fitting was undertaken to provided data points for rate determination.
With the initial negative control deemed unsatisfactory due to too short an exposure period, it was
repeated. In the processes, the original spectrophotometer used became unavailable due to
mechanical malfunction. As such, a second spectrophotometer was used but incapable of being
calibrated to the original. As such, the data appears with a different response curve. Based on relative
OD shift, the use of a second spectrophotometer is not observed as a variable or constraint (see Figure
113).
From the raw data produced, determination of rate is difficult due to sample resolution. To determine
an empirical value for growth rate comparison, curve fitting was employed. as seen in Figure 113 (for
methods, see "Data processing," page 136). For highlighting the pseudo-linear phase of the
exponential growth phase. curve fit data was limited and Figure 114 produced. Using this limited
data range. the data was interoperated through the use of Excel LINEST function for gradient.
intercept and fit coefficient determination. This is summarised in Table 41.
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Figure 114. Change in optical density during exponential growth.
Data points plotted are derived points from curve fitting experimental data.
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Microwave power Optical density (exponential phase)
Watts Gradient (OD/hr) Intercept R Difference (%)
0 0.095 -0.228 0.993
o (repeat) 0.076 -0.816 0.998 100
12 0.063 -0.410 0.997 82.89
25 0.064 -0.397 0.998 84.21
SO 0.032 0.1389 0.987 42.11
Table 41. Summary of exponential growth phase by optical density
Empirical determination of microbial growth rate.
Using the date summarised in Table 41, Figure 115 is used to visualise the effect of microwave power
on optical density.
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Figure 115. Percentage difference to thermal negative control
The conclusion drawn from the study of optical density is that the application of microwave power
has an effect of retarding the rate at 12W (82% of MW-NC) and 24W (84% of MW-NC) microwave
power.
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Substrate utilisation
Substrate uptake can be used to determine fermentation processing. As the limitation highlighted in
"Fermentation profiling" (page 190) prevents the accounting of carbon balancing by product
formation, glucose uptake can only be used for determination of metabolism. Initial raw date is
shown in Figure 116. Glucose rate determination by curve fitting was conducted as described in
"Data processing" on page 136 and shown in Figure 117. Variation in initial glucose concentrations is
an artefact of the autoclave process with variation attributed to caramelisation.
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Figure 116. Data plot of glucose uptake with varying microwave irradiation
Top; Raw data plotting by HPLC analysis of glucose metabohsm
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Figure 117. Gluco~e uptake - .curve fit . .
Data interoperation using the equation y = (a/(l+e"((x-c)/c))+d where a = data range; b = midpoint; c = curve factor; d = off set; e = curve
form x = experiment time; and y = glucose concentration.
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For highlighting the pseudo-linear phase of the glucose uptake curve that corresponds to the
exponential growth phase, curve fit data was limited and shown in Figure 118. Using this limited data
range, the data was interpreted through the use of Excel LINEST function for gradient, intercept and
fit coefficient determination. This is summarised in Table 42 and shown in Figure 118.
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Figure 118. Glucose uptake rate - gradient determination
Microwave power Glucose uptake rate (exponential phase)
Watts Gradient (g/l/hr) R Difference
0 -4.12 0.998
0 -4.28 0.998 100.00
12 -12.33 0.992 288.14
2S -7.37 0.999 172.30
50 -3.55 0.999 82.92
Table 42. Summary of glucose uptake rates where biomass growth is exponential
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Figure 119. Percentage difference to thermal negative control
The analysis constructed in Table 42 is used for plotting Figure 119 to illustrate the relationship
between microwave power and glucose uptake. The microwave negative control (OW) is used as the
base line against which the irradiative effect can be observed.
From the data produced, it is observed that the glucose uptake at 12W is 2.8 times the uptake rate of
the negative control. With increased power, the trend diminishes with an uptake rate below the
negative control (82% at SOW).
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Ethanol formation
Ethanol is the endpoint product in the research study, therefore product formation is of greatest
importance. In parallel to the previous results presented, ethanol formation is analysed by HPLC and
plotted in Figure 120. Of note is the end point in each plot. Each fermentation is carbon limited
therefore the fermentation ends according to glucose exhaustion with product threshold at around
2.Sgll ethanol with the exception of SOW irradiation. The production of l l g/l ethanol at SOW
irradiation can either be described as a erroneous result or an actual shift in metabolism only seen at
powers greater than 2SW. Due to time restriction, the opportunity to investigate further has not been
available. As such, the conclusion drawn is that with microwave irradiation up to SOW power, the
growth of a viable culture is observed.
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Figure 120. Ethanol formation under varying microwave powers (raw data)
From the data compiled and the graph produced in Figure 120, curve fitting is conducted to produce
Figure 121. As previously described, the linear gradient of the ethanol evolution cuerve is used for
determination of rate comparison by microwave powers. This is shown in Figure 122.
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Figure 121. Ethanol formation under varying microwave powers (curve fitting)
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Microwave power Ethanol production (exponential phase)
Watts Gradient (g/l/hr) R Difference (%)
0 0.34 0.999 100
o (repeat) 0.37 0.994 100
12 0.58 0.998 158.2
25 0.60 0.9969 162.5
50 1.00 0.9981 271.3
Table 43. Summary of ethanol formation rate by HPLC analysis and curve fitting
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Figure 123. Ethanol production rate as percentage of MW-NC against microwave power
Trendline equation; y = 3.273x + 101.45, R2 = 0.9601
Using the previously described methods, the gradient is determined from the curve fitted data (for
method, see page 136), the linear plot of ethanol evolution was plotted (Figure 122) and used in the
compilation of Table 43. Conversion of the data into a graphical form is shown in Figure 123 for
comparison against the negative control.
From the data produced, it is shown that the irradiation of the fermentation has increased the ethanol
production rate by 94% at 12 Watts and 56% at 25 Watts. As previously described, the values
obtained for SOW were compromised by contamination, therefore a reduced ethanol formation rate is
quoted. However, by yield, all microwave powers (O-SOW) each yielded the same total volume for
2S.g/1due to glucose exhaustion.
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For the direct comparison of growth rate, ethanol production and glucose uptake in comparison to the
negative control, Figure 124 is shown, indicating that there is a clear but subtle alteration m
fermentation under irradiative exposure with the greatest deviation observed at 12W power.
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Figure 124. Comparison of fermentation indicators by rate
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Conclusion
BIOREACTOR PERFORMANCE
The performance of the bioreactor is within the parameters set out in "Chapter 1.2. The proposed
solution" (page 3), and as designed in "Chapter 3.1. Practical work - Microwave" (page 98) and the
results are presented in "Chapter 4.1. EP 1.0. - Bioreactor thermal profiling" (page 146). Over the
time period of each experiment, the temperature deviation of o.orc with an average temperature of
49.98°C over the time period of >40hrs was deemed acceptable to conclude that the reaction vessel
could be termed "isothermal."
CATALYSIS;
CBWEGL - Substrate utilisation was limited as expected and the data produced showed that
microwave irradiation of the "cellulase" preparation can be enhanced. Comparing the result with the
greatest effect to the negative control, 50W was observed to be the most effective with irradiation
showing a non-linear response curve. 50W power is shown to increase the initial saccharification rate
from 0.03%.h{1 to 0.08%.h{l.
CBWEGL + BGL - By combining the cellulase enzymes of EGL and CBH with BGL, the complete
conversion from cellulose through to glucose was shown through the minimal production of
cellobiose. The result of the experiments conducted has shown the by initial rates, 25W increases the
initial saccharification rate from 0.029%.h{1 to 0.048%.h{l. More importantly, was the increase in
liberated glucose, with yield lifting from 5.9g11to 8.7g11.
BGL - From the work conducted for this part of the project, it can be concluded that the irradiation of
BGL with between 12 and 75W microwave power significantly increases the catalytic rate above the
reference negative control rate. In comparison to the enhancement seen in the previous experiments
(see work by Zhu et. al. [189]), the power curve observed is not of the same nature, suggesting an "all
or nothing" response in the studied powers. BGL experiments show enzyme enhancement on a
simplistic, single enzyme, single substrate and single product model. Whereas previous experiments
have had complex mutli-step processes, the use of cellobiose and BGL has ruled out the possibility of
a purely SWO induced effect. As SWO will not be present in this experiment, amplification of rate
can only be attributed to BGL.
The additional experiments conducted within each group of experiments have all been used to support
the catalysis conclusions.
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FERMENT ATION;
In conclusion of the experiments done to investigate the irradiation of a fermentation system, Figure
124 is produced as a method of cross referencing the parameters of specific growth rate (u), glucose
uptake and ethanol production. From the data plotted, it can be concluded that the irradiation of an
isothermal fermentation does show variance in each parameter, with non-linear responses observed in
glucose uptake. With the reduction of growth rate, increase in ethanol production, concluding an
exact correlation is difficult with the low number of experiments conducted.
Although the data is insufficient to support a detailed investigation into the exact mechanics where the
microwave irradiation alters a specific biochemical pathway, the study shows that the microwave
powers required for the increase of catalytic rate are not detrimental to microbial growth and product
formation. This is of significance due to the potential to combine the saccharification process and
fermentation into a single unit operation.
Of particular notice is the anomalous data produced in the 50W fermentation. Whereas fermentations
at OW, l2W and 25W ceased ethanol production at approximately 2.5g11due to carbon exhaustion, the
50W fermentation accumulated approximately 11g11in the same time period. Thorough investigation
is required for repetition of the experiment to illicit the cause of the erroneous result.
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Chapter 5. Conclusions
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Chapter 5. Conclusions
Chapter 1.
Introduction
Chapter 2.
Background
Chapter 3.
Materials and
method,
Chapter 4.
Isothermal
microwave
bioreactor
Catalysis Fermentation
Novelty and
significance to
biotechnology
Due the multiple aspects of the project seen in previous chapters, the discussion and conclusions are
split into the three research themes. Relating to the original project description (page 3) and the
experiment design (page 95), the objectives of the project have been met. These are summarised as;
1) The production of a prototype microwave bioreactor with independent thermal and
microwave controls.
2) The catalysis of cellulose substrate by "cellulase" enzymes resulting in a non-linear
relationship between microwave power and rate/yield increase at steady state thermal
conditions
3) The irradiation of a eukaryotic fermentation under isothermal conditions and a power range
results in small changes in fermentative rate. Of critical importance is that irradiation at the
powers used in catalysis does not reduce or prevent microbial growth.
The three objectives are evaluated by the criteria of;
1) Critical evaluation
2) "Blue skies" research
3) Real World research
- attaining the research object; novelty or inventive step.
- relationship to scientific significance
- industrial relevance
The fourth criterion of evaluation is the potential development, or lead on work from this research.
This is discussed within the evaluation points 1 to 3.
As a brief summary, Table 44 is produced using the above themes and criteria.
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The microwave bioreactor
Achievement oj study objective; The research project accomplished the research aim of
prototyping a microwave reactor capable of operating in both thermal and isothermal microwave
operations. Comparing varying isothermal microwave irradiation to an isothermal negative control
shows separation between the microwave influence and thermal temperature. The reactor prototyped
is credited with being able to carry out repeat experiments under isolated thermal conditions
regardless of microwave power and ambient temperature.
The limitations of the system configuration observed in this study have been the maximum power that
can be transmitted using a coaxial launching systems and/or microwave reflection from the bioreactor
internal structures, and the efficiency at which excess heat can be compensated for. This is detailed in
4.1. EP 1.0. - Bioreactor thermal profiling on page 146.
To increase the energy supplied to the reaction chamber, the launch system used may be substituted
with a direct launch system, dispensing of the coaxial cable launching limitation. Within the research
unit, microwave sources are available in the kW and MW ranges and knowledge on power matching
and application. An example of this system used is shown in Figure 125, where direct launching and
a circulator are used.
Figure 125. Alternative method of direct microwave launching
A = circulator; B = magnetron (contained within housing); S-band waveguide (end flange shown used to contain EM field while allowing
observation); D = E-Htuner; E= magnetron power supply unit
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The increase in microwave power has not been deemed necessary in this study due the results
presented in the previous chapter showing effects seen in the sub-lOOW range. This has the
implication of a significant enhancement with a low or negligible energy addition (energy supplied
through microwave irradiation would be supplementary or offset set energy provided through thermal
means). Theoretical exploration of the using a higher powered source would conclude that
penetrative depth would increase, as would field density. The STR used has internal furniture
designed for biological work and not microwave studies. It would be suggest that possible arcing
would occur across the furniture with unknown consequence to both the sample being irradiated and
the equipment being used. As such, the microwave powers used were suitable for the task.
The thermal limitation of the bioreactor system is dependent on the weakest element. In this
prototype system, the heat exchanger system used in the immersed heat exchange loop is assumed to
be the limitation. Assuming that energy is lost through thermal radiation from the cavity and metallic
materials of the reactor, the maximum required heat removal would be equal to the irradiating power
in a perfect thermally isolated system. For increasing microwave power, the ability for heat
compensation via the heat exchanger would have to be specified in excess to the intended microwave
source. The maximum thermal limitation of the STR structure is in the order ~134°e as the STR
design and instrumentation originates from fermentation biology, therefore the STR, DO and pH
probes and ancillary reactor components are capable of autoclave conditions. Therefore the feasible
temperature range is :::::ooethrough to lOOce when oil is used as the exchange fluid in the immersed
loop. Maintaining temperatures above 1000e though the sealing of the vessel would not be advisable
as the reactor is not designed as a pressure vessel. Temperatures below oce may be achievable with
this system by the use of polyethylene glycol (PEG) in the heat exchange system. Practical system
limitations are areas of malleable materials, particularly in the insulating fabrics of sensor cables and
the drive motor.
For the irradiation of samples, the length of exposure is far greater than exposure rates seen in
comparable experiments, particularly at the isothermal set point. With the reactor being used for
cellulose hydrolysis by cellulases, the only comparable paper by Zhu et.al., where the former irradiate
for a exposure period of 0.07% of reaction time compared to 100% of the time in this experimental
report [189]. Based on evidence available, total irradiative energy comparison over a 160 hour
reaction would be 35 W.hrs for Zhu compared to between 1,920 W.hrs to 24,000 W.hrs for this
research study based on a power range of 12 to 150W".
11 Data adapted from Zhu et. al. 189. Zhu, S., et al., The effect of microwave irradiation on enzymatic hydrolysis of rice straw.
Bioresource Technology, 2006. 97(15): p. 1964-1968. where 0.07% determined according to the explanation given on page 85
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This study
Power Exposure Consumption range Rate (W/hr)121
range interval (total) (Watt.hr)111
(Watts) (hrs)
Catalysis 300 (static) 0.004 35 1.23
Catalysis 50 - 150 30 - 160 150 - 24,000 50 - 150
Catalysis 12 -75 30 - 160 360 -12,000 12 -75
Catalysis 12 -75 30 - 160 360 -12,000 12 -75
Fermentation 12 - 50 50 - 60 600 - 3,000 15 - 50
Study
Zhu
Table 45. Comparison of energy exposure between this study and Zhu et. aL
Data generated from this study in comparison to inferred figures from [189]. 'Ranges quoted are based on the variability of microwave
irradiation and time of exposure with lowest and highest figures shown. 2Ranges quoted by variable irradiation.
As previously highlighted, microwave power is dependent on the launching system with multi-kW
units available. For research and optimisation, greater interest is the flexibility of microwave
frequency range and operational mode. In the experiments conducted, 2.45GHz was used due to the
original prototyping being conducted with the Microtron system. Following the initial observation of
rate change at 2.45GHz, further investigations were developed on this frequency. With the S band
waveguide, a frequency range between 2 and 4GHz can be investigated without any physical
modification to the system. For frequencies outside the S band range, adapter plates have been
suggested for reduction of aperture size and orientation to allow the coupling of smaller waveguides -
standard sizes from WR248 through to WR28 for example covering bands S through to D. This
adaptability easily facilitates the use of microwave sources from 2GHz through to l70GHz
In addition to frequency range is the variation of signal form. In this study, the irradiation has come
from a continuous signal generator. The Sairem unit has the capability of producing a pulsed source
(although not used in this report). By alteration of the duty cycle, the peak power and average power
can be modulated to investigate both response in correlation to duty cycle and response in correlation
to pulsed peak energy. This would enable further investigation of the work conducted by Laurence et.
a/. [166].
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Scientific significance: The implication of a versatile reactor system allows the study of thermal
and isothermal reactions with a range of controllable variables. These include;
• Frequency range - ISM frequencies, S - D bands plus others with minor modification
• Operation modes (microwave) - pulsed/continuous
• Operation modes (processing) - batch, fed-batch and continuous
• Fluid systems - aqueous, none aqueous and immobilised fluidised bed systems
• Sterility conditions
• Microwave energy densities
• Thermal profiles and isothermal temperature range
Development of the system would look at further automation and integration of the system with PID
feedback control. As system has been operated as isothermal, the dielectric properties of the water
were constant throughout all the experiments conducted. In reaction which may have significant
alteration of the dielectric point, real-time online tuning maybe appropriate if the effect is significant.
Co-launching of other frequencies into the system for either compound irradiation in a two step
system with differing frequency optima or for frequency sweeping for progress analysis is also being
considered. This versatility will enable the reactions highlighted in the Background Research chapter
to be replicated under standardised condition and re-investigated.
From the research undertaken in this study, and by the examination of previous peer work, the
observation of the non-linear response to irradiation is apparent. The conclusion that irradiation has
no effect on any given reaction now shows the distinct possibility that the reactions conducted may
have been either irradiated at an energy level or frequency that is an order of magnitude removed from
the reaction's optimal conditions, therefore either irradiating at too Iowa response point or well above
the lethal dose threshold. This would infer a "Goldilocks" point in some biochemical systems. By
using this system, surface response methodology applied to each reaction could challenge some of the
current conclusions (or at least improve the conclusions formed in this study).
Industrial acceptance: The bioreactor adoption in industry will be dependent on scalability. The
current reactor may either be considered as a proof of concept for scale up or a prototype for scale out.
With relation to the original description of a bioreactor for the enhancement of catalysis and
fermentation in biofuel production, the obvious exploitation with be the increase in reaction volume,
therefore the work completed would be considered as a proof of concept. If the system is used as an
isothermal irradiative system for the study of electromagnetic irradiation on biological systems, then
the equipment used would be considered as a prototype, with little development required for
laboratory use immediately.
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From the results produced in this thesis, the conclusion drawn is that the application of microwaves to
the catalysis of cellulose in an isolated system can cause significant increase in the initial catalytic rate
and the increase in yield when using the commercially available "cellulase" preparations. The
summary of the results compiled is presented in Table 46, a repetition of the table shown at the start
of the results chapter.
The significance of the results builds upon the work conducted by Zhu et. al. [189] with the major
deviation of qualification of microwave field exposure. Where the previous study possibly exposed
the reaction to 0.21% of the total reaction time, the work presented here maintained the reaction
within the known microwave field for the total reaction time.
The significance of the catalysis experiments is the conclusion that irradiation of the enzymes used
can enhance the activity. In comparison to other studies where either thermal control has not been
critically evaluated or irradiative power has been subjective to arbitrary values, this experiment has
made a significant step into identifying a specific microwave power to either an increase or decrease
in catalytic rate.
As the system has been applied to potentially five proteins (CBHI, CBHII, EGL, BGL and SWO), the
data produced suggests that at least CBBI or CBHII has been induced to activate at a higher rate.
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Cellulose catalysis industrial significance
In industrial significance and adoption, two progression pathways are modelled; low value bulk
commodity products (i.e. enzymatic hydrolysis and fermentation for biofuels); and low volume, high
value products and/or research exploitations. The differentiation between the two models is in terms
of scalability. Bulk processing requires volumes in the order of thousands to millions of litres
throughput per annum compared to high value products and research applications where annual
throughput will be in the order of tens to hundreds of litres per annum.
In the bulk low value product application, the technologies developed in this PhD project apply to the
cellulosic ethanol market. The study has shown that through the use of microwave energy, the
efficiency of enzymatic hydrolysis can be increased without temperature/pH/media alteration, protein
modification or increased enzyme loading. Of importance to the cellulosic ethanol industry will be
the increased hydrolysis yield per unit of cellulase purchased, offering a cost reduction in hydrolysis,
and an increased hydrolytic rate which reduces the required residence time within the hydrolysis
reaction vessel. On the plant scale consideration, this can lead to either reducing infrastructure
volume or increasing cycle turnover rate for the same gross product yield.
In discussing the industrial adoption, a number of factors should be considered and kept in mind as
possible limitations. The experiments conducted were on a 1 litre basis and with a single reactor
design tested. The system is considered non-optimised, as no attempt was made in moditying the
prototype's physical form for better microwave, thermal or flow dynamic characteristics once
constructed and proof of energy transfer had been ascertained. Enzyme, substrate and inoculum
loadings were all kept within defined limits throughout each experimental system and should not be
extrapolated for load variations, as the study does not present information to determine relationships.
As such, the conclusions drawn can only be based on this reaction vessel with the reactions quoted.
A simplistic development of the system is the thermal isolation of the reactor system. From the
temperature profiles presented in Chapter 4, EP. 1 (page 146), it is clear that there is thermal loss
through the cavity walls to the surrounding environment. Lagging was not used during this study due
to the development of the reactor moving from the prototyping phase into experimentation phase as an
unlagged system. Therefore, the introduction of lagging during the study could have caused a
variable between data sets. Under the assumption that the effect observed is correlated to the energy
density delivered by the microwave source rather than the rate of temperature flow, lagging would not
reduce the microwave energy applied to the reactor. Lagging would affect temperature compensation
(heat removal) via the heat exchanger. Further development will address this through the use of
insulating materials being applied around the external cavity walls, at the interface between the cavity
bottom and any supporting structures, and at the waveguide-cavity interface (Davidovitz paper in
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1996 illustrates the design of a waveguide coupling for thermally isolated wave transmission in
cryogenic systems [198]). A short synopsis of thermal improvements is shown in Table 47.
Mechanism of thermal loss Consideration for improvement
Conduction Thermal flow seen across the compression ring into
the cavity wall due to surface contact area.
Thermal flow from the head plate via retaining
bolts into the compression collar. Some prevention
due to non-conductive gaskets but no active
prevention used.
Air within the void space between the glass vessel
and the cavity wall has freedom of movement but is
isolated from the external environment. Heat
accumulation in this body of air will allow
convection transfer between the materials.
Convection
Irradiation Heat irradiated through the void space between the
glass vessel exterior and the interior cavity wall.
Consideration of an insulating gasket
between the compression ring and the
cavity wall.
Removal of air from the void space
(impractical). Constant air flow through
to prevent heat accumulation.
Filling void space with insulating material
providing that the material is microwave
transparent.
Microwave transparent, thermally
reflective coating on the internal cavity
wall surface. Removal of void space by
vessel/cavity consolidation.
Table 47. Thermal heat flow through the microwave bioreactor system
In terms of scalability, theoretical scaling is a function of microwave design, not thermal flow
dynamics. The optimal microwave power used for the irradiation of 1 litre of fluid in these cellulase
catalysed experiments was 24 Watts from a 200 Watt Microtron source. For this reaction, scaling out
would be the most simplistic method of scaling. 8 identical vessels could be irradiated off the same
launching system with duplication of instrumentation and a scaled heat exchange system be employed
across a reactor array. As hydrolysis scale in bioethanol production is in the order of tonnes of
cellulose per month, out scaling is impractical (1 tonne per month using the process described would
equal 25,000 1 litre reactors on a 1 reaction per week recycle programme), therefore scale up is
inevitable.
For scale up, the three parameter of nncrowave, fluid and thermal dynamics each require
consideration. Scalability of thermal and fluid dynamics are well understood and common practice
across industry. Microwave scalability is much more difficult. As penetrative depth and power are
nonlinear, the doubling of the reaction vessel volume does not equate to the doubling of microwave
power. As such, modelling through HFSS (or other software packages) is required.
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Scientific significance
To compare a nonthemal and thermal effect may be dependent of the definition "thermal" and
"nonthermal." In each instance, dielectric heating could be considered the sole mechanism, but
observed at the macroscopic scale in comparison to the microscopic scale, the energy progression and
temperature dissipation could be indistinct.
In thermal heating, a temperature gradient occurs between the heating element and the immediate
surroundings. In an agitated system, the gradient is maintained with fresh (cooler) material displacing
the fluid that has just been heated through contact with the element. Once away from the element,
heat energy will be dissipated through random contacts between molecules of different heat energies
until energy equilibrium is achieved across the whole system, equal to the temperature of the heat
source assuming perfect insulation and no losses; or where increase in thermal energy is equal to loss
of thermal energy.
In contrast, dielectric heating at 2.45GHz preferentially heats the water molecules according to energy
density per unit volume across the whole resonant cavity (assuming perfect conditions and the applied
frequency). Energy losses will only occur where a temperature gradient can occur i.e. at the fluid
interface with the containing vessel. In the agitated system, the accumulation of hot spots is
prevented through complete free motion in the multimode cavity.
For the determination of temperature, only the bulk: fluid temperature was measured and maintained
as the isothermal parameter. This was due to the constraints of the system and means of measurement
(the description of temperature measurement is described in detail in 3.1.9. Thermal profiling on page
110). In contrast, the localised temperature at specific points within the reaction complexes may have
had temperatures exceeding the bulk: temperature depending on the rate of heat diffusion. Without the
ability to measure or qualify localised temperatures (requirement of either x-ray or neutron
scattering), the theoretical localised heating effect due to either physically confmed polar water
molecules or hydroxyl groups in the vicinity of an enzyme system. As such, the limitation is the
ability to record temperature with molecular resolution. This can lead to the assertion that an
isothermal effect may well be considered a specific localised thermal effect. To illustrate, Figure 126
shows a theoretical temperature gradient from a cellulase enzyme where localised heating effects
causes the molecular temperature of the enzyme to be 5°C greater than the recorded bulk: temperature.
Diffusion of heat from the molecule would induce a localised temperature gradient. In the figure
shown, 30 arbitrary units is shown as the minimum physical distance by which temperature can be
determined, showing the principle of difficulty measuring localised point temperatures. Therefore the
determination of temperature through physical means would be unfeasible. Additionally, due to
motion of the water in the agitated system where the predominant mass (water) has greater contact
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with the thermal well; and physical obstruction of the cellulosic mass preventing direct enzyme-
thermometer contact, there will be a limit in ability to detect the exact enzyme temperature.
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Figure 126. Illustration oflocalised heat distribution versus thermal bulk recording
In relationship to the study undertaken, the dielectric heating through microwave irradiation was
counteracted by the heat removal through the thermal sink. Thermal energy was also lost through the
cavity walls, and through the submerged heating loop (with fluid exchange for the heat exchanger).
This has led to the experiment being classified as isothermal as the bulk fluid temperature was 50°C
Where !:J.T=O°Cfor catalysis; and 30°C where !:J.T=O°Cfor fermentation.
From the work presented and the results concluded, a number of questions have risen to the
mechanism observed. In the catalysis of cellulose by "cellulase" enzymes, it is highly suggestive that
the mechanism seen is a nonthermal system, where rate amplification is through the influence of a
microwave field. The significance of the results and accountability of thermal stability in each
experimeut, the likelihood that it is a thermal effect is remote.
An additional complication is the position of the CBH and EGL on the substrate. Where the substrate
has maintained some of the porous form of the plant structure, localised heating may occur where the
rate of fluid exchange is reduced comparable to the bulk.
In the study conducted, a continuous microwave source was used for microwave irradiation, therefore
the exposure has been assumed to be continuous throughout. However, the system infrastructure has
the possibility of causing a quasi pulsed system due to the liquid rheology. With the material in
constant motion, it would only spend a proportion of its time in front of the microwave window.
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Within the STR, the furniture used for agitation and temperature control may have caused microwave
shading in areas of the cavity furthest away from the microwave window. As the microwave beam
was shone along the waveguide, any metallic or microwave impermeable material would prevent the
progression of the microwave beam. This would cause material in front of the furniture to be
irradiated at a higher incidence at that time instance in relationship to the material behind the
infrastructure. To investigate the effect and understand if this possibly occurred, RFSS was used to
model the cavity. The limitation of modelling is that the model only represents an ideal system,
where are surfaces are simple and have no abrasions or defects to alter the reflective surfaces (such as
baffles, heating/cooling loops, sample/sparger pipes and agitation structures). With the intricate
structure of the internal furniture, modelling of the complete system was beyond the capabilities of
both the University computer facilities available at the time and research resources. This aspect
would be an area for further investigation in future experimentation or collaboration. The significance
of the quasi-pulsed system is explained in 2.6.6. Microwave and biofuellcellulase research on page
81.
From the background research shown and the results compiled, the possible mechanisms of
enhancement appears to be in the increased rate of the CBR and EGL activity as BGL has been used
in excess. As such, the suggested mechanisms are representative to possible relationships between the
cellulose, CBR/EGL and microwave field, with particular focus on CBR.
In the context of an isothermal microwave effect, a number of hypothesis can be raised as to the
mechanism of enhancement. Through discussions with peers, selections of these mechanisms are
suggested along with reasonable critical response to each.
1) Hydrogel coating on the linker sequence has altered flexibility.
2.45GRz which has a resonance frequency corresponding to that of water. Any field effect may be
correlated to the dipole action of the water or hydroxyl residues that are capable of limited free
motion, giving the possibility of localised heating. With the evidence of increased hydrolytic rate, the
mechanism of movement along the fibre has the possibility of effecting rate. As described in Chapter
2 - Background Research, the movement of the CBR protein is governed by the flexibility of the
linker system with a critical energy barrier to extension. As the linker is a highly o-linked
glycosolated sequence creating a "gel-like" zone between the CBR and the catalytic core [101] (see
page 42), the semi-immobilised water molecules in the region of the linker may show increased
energy through dipole rotation causing a localised heating effect..
2) Dipole of water around the CBD anhydrous affmity pad alters cellulose fibre adhesion
Nimlos et. al. highlighted the hydrophobic nature of the residues around the CBO [99]. By alteration
of water molecule orientation at the localisation around the CBM, the area in immediate vicinity of
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the CBM has the opportunity for alteration of affinity or modification of progress. As the mechanism
of CBM is not fully understood (hypothesis of CBM "leading" compared to CBM "pushing" does not
allow sufficient evidence of modification).
3) Increased vibration of the whole molecule prevents fractal jamming on the cellulose fibre.
Originally suggested as a potential mechanism, although subsequently discouraged. With the size of
the protein involved and the frequency of the microwave sources, for the vibration of the whole
protein is very unlikely due to mass. The theory of fractal jamming was originally raised has been
discredited due to two areas of evidence. I) the enzyme loading is below the typical threshold
required for fractal jamming to be suggested and 2) addition of a secondary load of cellobiose was
seen to show continued saccharification. Where fractal jamming has occurred in high enzyme to
substrate ratios, jamming prevent free enzyme in solution to saccharify a second biomass load. This
was not seen.
A modification of the hypothesis is that the quasi-pulsed situation suggested could have lead to a
pulse related protein modification in enzyme folding. As stated in Chapter 2, work carried out by
Laurence et. al. suggested that conformation of proteins in pulsed fields can have short period
alteration. In addition to this, Daniells et. al. go on to explain the nonlinear response observed within
a pulsed field. In light of these papers, and the results obtained, the non-linear nature of the catalysis
response suggests this correlation [166, 194].
To support this hypothesis, there has to be the suggestion or proof of which element has undergone
conformational alteration. Due to the facilities available, and the technical difficulties that would be
incurred in modelling an enzyme conformation alteration while in complex with the substrate, this has
not been considered in this study. A theoretical approach maybe through computer modelling of the
whole EGL or CBH enzyme, and running simulations based on stimulations of the protein in an
oscillating electromagnetic field to determine the most likely location of free movement. Following
the determination of likely base locations, conducting amino acid substitution through the production
of recombinant proteins for repeat testing, looking for alteration in rate according to structure
alteration.
4) Water molecules or water molecule ingress tunnel on the CBR catalytic head has
alteration of conformation/action allowing increase water availability for hydrolysis
Analogous of the conclusions drawn by Laurence et. al. [166] (see page 88) where protein ring is
observed allowing the alteration of protein confirmation, a similar system maybe occurring within the
CBH catalytic domain. Where protein fold is altered, the two key physical pathways of water
movement on cellulose fibre progression maybe altered. This is discussed in detail on pages 88.
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5) Water molecules move into the cellulose fibre cleft once the CBR catalytic head lifts the
fibre to feed the active site.
As the frequency used is the predominant frequency used in the excitation of water molecules
through dipole rotation, the investigation of semi-immobilised water molecules is of significance. In
addition to water molecules within the catalytic domain, there is evidence of water molecule action in
the cleft produced in the planning of the cellulose fibre from the cellulose bundle. This is described
on page 43 and highlighted in the work conducted by Zhong et. al. [101].
6) Localised temperatures are not represented in the bulk temperature.
All experiments conducted have been isothermal (i.e. thermally static). As the reaction occurred in an
aqueous solution, the microwave irradiation will have caused dielectric heating of the water
molecules. Due to agitation of the solution, complete mixing of the solution should have ensured
even thermal transfer throughout the thermal mass. This is what has been recorded as the thermal
bulk temperature. The assumed action is that the water molecules are all in free movement and by
complete mixing will all have equal time in free solution, with contact to the thermal well, within the
microwave window and in contact with thermal sinks (vessel walls, internal furniture and specifically
the thermal coil in the external heat exchanger system). In the case of water molecules that are
involved in the enzyme interaction, temporary involvement may cause partial immobilisation with
close proximately to the cellulase enzyme, substrate or both. This leads to the possibility that the
localised temperature may be greater than the bulk temperature as specific locations.
7) Swollen in action
Due to the possible presence of swollenin and expansins in either the cellulase enzyme preparation or
the cellulose substrate, the possible action of microwave stimulation of either protein has to be
considered. As the structure of the SWO protein has high similarity to CBR, it can be suggested that
any enhancement of CBR could also be inferred onto the SWO protein. Where SWO and expansins
lack the ability to cleave but have the ability to loosen cellulose fibre bundles, the loosening may
allow increase access to the fibres.
Although this action may occur to some extent, there is no evidence of this action. Counter to this
hypothesis. the increase in rate observed in the hydrolysis of cellobiose with BGL can only be
accounted for through the microwave interaction with the BGL-cellobiose complex due to the lack of
SWO or expansins.
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The fermentation investigation cannot be concluded through the suggestion of a modified mechanism
as there is insufficient data to support a hypothesis. Of greater importance is the observation of
maintained cell viability of microwave power that are seen to enhance catalysis. As described in
section 2.4. The ethanol biorefinery (page 49), the integration of catalysis and fermentation is a
developing trend in bioethanol production. Had the fermentation shown detrimental effects on cell
viability, the possibility of integration would prevent process consolidation. This work has pointed
towards the opportunity to lift the cellulase rate limiting factor in combined catalysis and
fermentation with increasing cellulase mass.
This thesis has investigated the effect of microwave irradiation on both the catalysis and
fermentation. In it is completion, the work has shown the prototyping of a novel microwave reactor
capable of separating the thermal and microwave effects. The experimentation on the biological
systems of cellulose enzyme catalysis and Saccharomyces spp. fermentation concludes that
irradiation with sufficient energy to increase catalytic rate does not compromise ethanogen function.
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DEVELOPMENT OF THE SEQUENTIAL BATCH
MICROWAVE REACTOR FOR THE DE-LIGNIFICATION
OF PLANT MATERIALS IN CELLULOSIC ETHANOL
PRODUCTION - INVESTIGATION OF OZONOLYTIC
ACTION
Alex Stavrinides', Dr. Montserrat Ortoneda Pedrola', Prof. Ahmed A'Shamma',
Prof. David Phipps".
/4 Liverpool John Moores University, Liverpool, L33AF ..
ABSTRACT
This paper looks into the development of the ozonolysis unit operation for the sequential batch
microwave reactor for the production of de-lignified materials for fermentation substrates. The
initial reactor development was through the use of research methods looking at free radical
oxidation, direct microwave influence on lignin based products and the use of combined
microwave heating and pressure in a CEM microwave reactor. This paper looks at the materials
and methods explored in the development of the reactor concept, design and move towards
prototyping with particular focus on the development of ozonolysis in the remediation of aromatic
and phenolic carryover and break down products.
Keywords: free-radical oxidation, hydrolysis, lingo-cellulose, microwave plasma, ozonolysis.
1. INTRODUCTION
The development of processing parameters to increase mono-saccharide availability for biologically
derived bio -polymers, -alcohols, -esters and -products has had increasing onus since the start of the
21st century. With environmental, economic and geopolitical pressures on Earth resources (mineral
fuels and rare Earth elements for catalysis and product formation) and the movement towards
sustainable renewable products and fuels, the technology required to ensure feasibility has had
greatest impact on the development and direction across the renewables field. As a generalised
statement, the Earth's biomass can be viewed as "solar energy collectors and thermochemical stores"
Whereby sunlight is captured through photosynthesis and stored for release in the form of complex
carbohydrates [1]. Technologies that can release these carbohydrates and convert them into a
fermentable resource for biological conversion to value added products is often quoted as the "black
box" concept in biomass based renewables whereby the technology is seen as an enabling process
separating product formation from the current feedstock constraints and increasing feedstock
variability and quantity. In the work discussed in this paper, the research objective is to produce a
method of monosaccharide release using the minimal conditioning requirements - removal of pH
extremes and remediation/neutralisation events.
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The black box concept is derived from the idealistic concept of waste material being converted
directly to fermentable sugars in a single, simplistic step as either a feed in or conjoined to a
consolidated bioprocessing (CBP) method. While theoretical feasibility is debatable, the reality of
the "black box" is more likely to be considered as a sequential step process of preparation, destruction
and remediation as a near single action (see Fig 1). With this in mind and as part of the development
of the EU FP7 project 232080, this paper looks at the development of technologies to be implemented
into the "black box" processing concept, with particular focus on the exploration of ozone as a free-
radical oxidation agent for either direct ligno-cellulosic processing or as part of intermediate and bi-
product remediation.
Biological
conversion
"Bio" ProductBiomass
Biomass
Conditioning
Biomass
breakdown
Intermediate/by "Sugar"
product/inhibitor
remediation
Figure 1. The "Black box" concept of bioprocessing
With the development of the total Black Box system, the ozonolysis is seen as the implementation of
the remediation action due to the lack of efficiency as a biomass breakdown mechanism. Previous
work carried out by Dr. Ortoned Pedrola at LJMU has shown the effectiveness of ozonelUV
pretreatment as a antimicrobial mechanism of sterilisation, the principle could also be employed in the
conditioning stage of biomass handling and pretreatment.
The principle of ozonolysis is the action of the unstable 03 in proximity to the carbon ring of the
aromatic and phenolic compounds within the lignin fraction of the plant biomass. The dissociation of
the 03 to O2 and O' allows the O' to disrupt the C=C bonds, degrading the lignin fraction, yielding
access for enzymatic hydrolysis of the cellulose fibre. As the mechanism of action is specific to the
lignin content, the treatment has little or no effect on the cellulose content, conserving yield for the
subsequent enzymatic conversion to monomeric sugars.
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2. MATERIALS AND METHODS
2.1. Ozone generation
Initial ozonolysis generation was through the use of the low pressure microwave plasma lamp,
protruding from a circular 2.45 Ghz resonant cavity. A microwave field (75 watts forward power)
Wasgenerated from a Microtron 200 unit with co-axial transfer to the resonant cavity and tuned to
ensure minimal reflected microwave energy (typical reflected power being less than 10 Watts). The
exposed plasma lamp was contained within a Perspex chamber with controlled gas input port. Air
flow rate (regulated 1.5 bar, 71/mingas flow) was maintained by the use of a regulator valve prior to
the microwave plasma lamp chamber. In later experiments, the University'S centralised compressed
air supply was used instead. Gas flow characteristics were determined to be the same with both
methods therefore the University air supply was used in all later experiments. All equipment and
experimentation was carried out in a laminar flow cabinet due to health and safety implications of
ozone concentrations on human health.
Ozone detection was through the use of an ozone analyser, on loan from Cork University. With the
unit expressing ozone in concentrations of glm3, determination of ozone production is represented as a
repetitive and quantitative process. Although acceptable for some experimental applications, the
analyser has shown to have high variability and lack of repeatable results in this experimental mode,
therefore has not been seen as an accurate method of data logging. For long time period online
analysis, a replacement unit with a more sensitive detection range, has been procured.
2.2. Biomass
For the experiments conducted, L. multiflorum (commonly known as Italian Ryegrass) was used
throughout. L. multiflorum was supplied through a previous project by Professor David Phipps,
harvested in the summer of 2009, oven dried at 60°C until a constant dry mass was obtained and
stored in a low humidity environment prior to experimentation. The dried L. multiflorum was placed
in a large container and reduced in size through physical destruction by repetitive hitting with a solid
metallic bar. Fragmented grass was then further reduced in size by mechanical milling to a size less
than 1 cm in length. Grading of the ground grass was then conducted through the use of a high
frequency vibrating sieve system. Fractions obtained were; >2mm, 2-lmm, 1-0.5mm, O.5-0.1mm and
<Olmm where after 1 hour of vibrating, material was able to pass through the sieve plate. Once
sorted the fractions >2mm were returned for further milling, fractions <O.lmm were disregarded and
the remaining three fractions stored in clean, dry plastic containers at atmospheric temperature.
Prior to experimental use, samples were re-dried in the oven to ensure minimal absorption of ambient
moisture.
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2.3. Duran bottle primary investigation
The initial investigation was started with the use of a Duran bottle (1 litre, 25g biomss with size
>2mm, 200ml dH20) with a simple gas input pipe (1.5 bar, 7Umin, 5g Oim3) without a sparger or
dispersion system and agitation by magnetic stirring bar (20 rpm). Gas delivery and exhaustion was
through the use of HPLC grade small bore reagent/waste tubing (see fig 2.).
2.4. Bubble chamber
In a second serial chamber of the same design and construction as the initial UV lamp chamber, L.
multiflorum suspension (5 g biomass >2mm size, 200ml dH20) was agitated by means of a magnetic
stirrer (500 rpm). As primary trial showed excess foaming within the chamber, the liquid volume to
chamber volume ratio was reduced to allow increased heads pace. Agitation rate (200rpm) was
limited by stirring bar rotation and stability within the vessel. A sample (15 minute time interval,
5ml samples per repetition, 6 hour total time) was retrieved through pipetting and held with a clean
universal bottle. Sample preparation was through the extraction of the aqueous phase by pipetting
followed by centrifugation (13,000 rpm, 15 minutes) to remove suspended solids. The biomass free
supernatant was transferred into fresh eppindorfs and stored on ice. Obtained supernatant was
subdivided with subdivision one (1ml, 0.45!-tm filtered) for analysis through a spectrophotometer (280
nm) and subdivision two (1 rnl, 0.2 urn filtered) for HPLC analysis. The remaining supernatant was
filtered (0.45 urn) and stored for repeated results as or if required.
2.5. Bioreactor
Through process development, the same biomass loading (25g/1 biomass, >2mm size) was used
however at 1 litre volume in a 2 litre total volume fermentation stirred tank reactor (STR) bioreactor
to allow submersion of both Rushton turbines, sufficient depth for future instrumentation
implementation while still allowing head space for foaming. No anti-foaming measures were used.
Sample collection (:::::5ml)was through the use of the bioreactor's bottom draw pipe. Variation in
sample methodology is a reflection on the physical device parameters. Subsequent sample
preparation as previously described. No temperature regulation was used. As the laminar flow cabinet
has stable temperature conditions, all bioreactor materials are at thermal rest with the conditions of the
chamber. Experimental data has shown this to be 19°C ± 1.5°C (see fig 2.).
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Figure 2.Microwavelowerpressureplasmalamp,Duran bottleexperimentand STR
Examples of the equipment used in this research. Top left; Microwave low pressure plasma lamp (bulb
obscured by paper protector, not in operation) and gas regulator. Top right; 1 litre Duran bottle
experimentation placed on stir plate and ozone detector. Bottom left; Microwave plasma bulb within
chamber, bubble reactor on stir plate and ozone detection unit. Bottom right; Low pressure microwave
plasma ozone generation (bulb obscured by paper), gas regulator and STR.
2.6. Analysis
Due to the high sample rate, analysis was done through the use of a serial dual HPLC system where
two complete Perkin Elmer 200 Series HPLC systems were used with a 900 series DAQ and a 600
series LINK interface. Each HPLC system comprised of a 200 Series autosampler, quaternary pump,
vacuum degasser, column oven and UVNis spectrophotometer used in set wavelength mode. For
use in the sugar analysis, a Peltier sample tray (set point 4°C) was used and a Series 200a Refractive
Index detector (Cell temperature 40°C). Data handling was done through the use of the Perkin Elmer
TotalChrom Workstation 6.3.2. software on a dedicated control PC. LogMeIn remote desktop
software and XP Remote Desktop Connection was used to allow continuous operation of the HPLC
out of office hours and for remote monitoring. Figure 3 illustrates a typical screen shot of the control
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PC, showing real time plot progression, global control parameter, HPLC method/sequence details,
status and webcam image for remote operation.
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Figure 3. HPLC control interface for local and remote operation
Analysis of hydrolysates produced through various hydrolytic pretreatment methods was through the
use of a HiChrom H50DS-250A HPLC column with a two solvent mobile phase of water-methanol-
acetic acid (89: 10:1) and methanol-water-acetic acid (90:9: 1) with a linear gradient of 0% to 40%
over a time period of 31 minutes and a flow rate of 1 rnl/min. The identification of peaks was through
the use of a DV-Vis detector at 280nm with analysis being conducted through the use of Perkin Elmer
TotalChrom chromatography software [2]. Varying injection volumes were used to ensure greatest
peak resolution and calibrated against known samples.
Standard methods used were complementary to methods described widespread in literature for this
column with defined standard retention times widely published. For the breakdown of lignin
derivatives, the acknowledged retention times for the H50DS-250A column using the above
described method are shown in table 1.
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/,~Rl-Q-R'
R4
Abbreviatio
Compound n Structure Retention
M
Rl R2 R3 R4 W time, min
gallic acid GA COOH OH OH OH 170 1.86
protocatechuic acid PA COOH OH OH H 154 3.34
p-hydroxybenzoic acid PHBA COOH H OH H 138 5.66
p-hydroxybenzaladehyde PHBAL CHO H OH H 122 7.40
vanillic acid VA COOH H OH OCH3 168 8.01
vanillin VAN CHO H OH OCH3 152 10.12
syringic acid SYA COOH OCH3 OH OCH3 198 11.05
CH=CHCOO
p-coumaric acid re» H H OH H 164 11.54
syringaldehyde SYAL CHO OCH3 OH OCH3 182 12.44
acetovanillone AV COCH3 OCH3 OH H 166 13.20
CH=CHCOO
ferulic acid FA H OCH3 OH H 164 14.55
acetosyringone AS COCH3 OCH3 OH OCH3 196 15.42
CH=CHCOO
cinnamic acid CA H H H H 148 27.70
Table 1. Lignin compounds by retention time. Taken from Lawther et. al. [3] Retention time are on the assumption of
HPLC columns as new. Retention times proportionally increase with HPLC column "wear".
Using the predicted retention times from the above publication and by running standards on the
system it is apparent that the times obtained from the HPLC indicates that a scaler factor has to be
incorporated into the analysis due to column age. Standard used were vanillin (VAN), vanillic acid
(VA) and p-hydroxybenzoic acid (PHBA) at standard concentration
For the use of VAN, VA and PHBA as indicators of ozone degradation, standard solutions of VAN,
VA and PHBA were passed through the HPLC H50DS column pre- and post-ozonolysis. To ensure
that the effect was consistent with reaction constraints, the experiments were repeated with biomass
and in combination.
Each sample (lOOmI at 1mg/rnl) was bubbled with ozone (1.5 bar, 71/min, 5g1m3) while agitated
through magnetic mixing (200rpm) for 2 hours at ambient temperature. This was repeated and
supplemented with biomass (lg, L. multiflorum) Samples were taken at time zero where there had
been no zone exposure, and again at 120 minutes. The experiment was repeated with the same
conditions with the gas flow rate maintained without ozone generation. For the null results and
identification of biomass breakdown from ozone on the reduced scale, biomass (O.Olg/ml) was
reacted with ozone in the same manner as above.
14
REZEX ROA and Phenomenex HPX-87N columns were used in succession on a single system due to
both columns requiring the same isocratic conditions (4mM H2S04 mobile phase, flow rate 0.6
ml/min with a column temperature of 65Co, injection volume of lOul, elution time of 30 minutes) and
detector. Results measured through RI detection (detector temperature set at 4OCO). Sample storage
within the autosampler is set at 4Co with the use of the peltier tray to allow longer sample stability [4-
8]
Column and system calibrations were carried out through the use of defined HPLC grade reagents of
rnono-, di- and polysaccharides at known concentrations being used for determination of specific
peak elution times and sizes for the formation of standards and internal references. Additional
standards for ethanol were produced in the case of the REZEX ROA column.
3.0. Results and discussion.
3.1. Ozonation of VA, Van and PHBA
Ozonation of the standards (VA, VAN and PHBA) all show a reduction in peak heights consistent
with cleavage of the benzene rings observed in each aromatic and phenolic compound. With
increased exposure times (120min), all peaks are seen to disappear correlated to ozone exposure.
While beneficial to the remediation of the materials, the use of these three standards as markers of
process progression is severely hampered. In light of this, the accumulation of derivatives
breakdown products from the standards is seen as the greatest marker of indirect indication of process
progression.
3.2. Duran bottle primary investigation
Results from the primary investigation signified a derivation in the chromatograms produced from
ozonated materials over those exposed to air alone. With the difference between the chromatograms
(not shown) showing marginal change due to low residence time and small scale, movement to a
larger system was seen as a necessity for conclusions to be drawn. In this experiment, the nature of
the material was further understood in aqueous environments with the foaming observed through the
interaction on none pre-soaked materials hydrophobic constituents rising within the bottle.
3.3. Bubble reactor
Results derived from the bubble reactor showed marginal increase in HPLC resolution of derivatives
although with interference. By the alteration of the aspect ratio of the bubble chamber, the biomass
loading was established to show preferential conditions for experimentation through the reduction of
foaming, better agitation and the lengthening of the ozone residence time in solution.
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3.4. Bioreactor
Data compiled through the use of the STR bioreactor illustrated a shift in soluble lignin derivatives
over the negative control. Through the use of the HSODS column more polar constituents are seen at
lower retention times with a clear increase observed with increased ozone exposure. With the
exposure of the lignin aromatic and phenolic compounds to the free radical oxidative process, this is
consistant with the observed from the standards exposed to ozone (figures 4 and 5).
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Figure 4. HPLC total elution time chromatogram, ti~e lapse of oza.ntaed vs. Aerated
Blue lines indicate overlay of aerated biomass. Orange lines indicate ozonated biomass. Total chromatogram shown.
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Figure 5. Increased resolution of .the first 9 minutes of ~PLC elution:
Blue lines indicate overlay of aerated biomass. Orange lines indicate ozonated biomass. Expansion of first lO minutes. Increase in polar
constituents observed from the 2 minute marker. Multiple lines shown the deviation with time. increasing peak heights with increasing time.
Exposure periods standardised over 6 hour time period.
For qualification of cellulose breakdown, all samples were re run through both the HPX and REZEX
column for identification of poly and mono-saccharides. The quantification of the peak areas, a slight
increase in large polymer saccharides is observed with the ozonated material, although not significant
in terms of hydrolysis for mono-saccharides. This indicates that the process is selective for the lignin
content while leaving the cellulose fibre for enzymatic conversion (figure 6).
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For the work presented in this paper, it is seen that ozone as a sole form of ligno-cellulose processing
is insufficient for the destruction of biomass to monosaccharides, however employed as part of the
"Black Box" concept has value as a remediation method. From the evidence shown, the design of the
reactor as part of ED Project 232080 has been influenced to work as a multiple stem sequential batch
operation with ozone used as the down stream process parameter for the removal of lignin breakdown
products.
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Supplementary to Chapter 2.4. - Variation of cellulosic processing methods
Illustrated in the following schematics are the expansions on the simplistic images used within the
thesis texts for the differentiation between processing methods. Although the images show the
configuration of the key aspects built on top of the core conversion process, the schematics omit side
process details for ease of understanding. The process highlights SHF, SSF, SSCF and CBP with
fermentation/catalysis control loops and conditioning, product recovery and waste remediation.
Industrial adoption may vary from the processes shown depending on the industrial processes parental
ownership and associated conjoined methods.
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Meetings attended;
General Engineering and Research Institute (GERI) annual research symposium (GARS)
(May 2009, Liverpool)
Paper: "A preliminary investigation into the production of a cellulytic Saccharomyces spp. -
Identification of a high cellulytic Trichoderma spp. for gene selection" (author, ISSN: 1757-6717);
Built Environment and Natural Environment (BEAN) annual conference
( May 2010, Liverpool)
Papers and posters: "Review; Current and developing ligno-cellulosic pretreatment methods for
bioethanol production" (author); "The problems of producing biodiesel fuels from various oil
streams" (co-author).
Built Environment and Natural Environment (BEAN) annual conference
(May 2011, Liverpool)
Papers and posters: "Development of the sequential batch microwave reactor for the de-lignification
of plant material in cellulosic ethanol production - investigation of ozonolytic action "(lead author);
"Iterative learning control technique with databased control applied to an advanced biodiesel
microwave reactor"(co-author).
Meeting attended;
• European Biotech Forum
• European Bioenergy Exhibition and Conference
• Techcelerate Networking evenings
2010
• Envirolink NorthWest
• IChemE bioprocess conference
• BioNowlBioprocess UK annual conference
• Biofuels in the UK: Challenges & Opportunities
• Bimonthly BioNow networking evenings
• MerseyTravel Biofuels Policy meeting
September 2008, Copenhagen, Denmark
October 2009, Newark, Nottingham
Manchester, December 2009 to November
June 2010, Capenhurst
November 2010, Edinburgh
December 2010, Manchester
February 2011, London
ManchesterlLiverpool, since summer 2008
July 2011, Liverpool
Distilling and brewing related site visits/tours/technical teleconferences
• Ardbeg, Arran, Ben Nevis, Bowmore, Bruichladdich, Bunnahabhain, Caol Ila, Dalmore, Isle of
Jura, Kilchoman, Lagavulin, Laphroaig, Lochranza, Talisker, and Tobermory distilleries (site
visits).
• Brewdog Limited and Diageo Limited (teleconference)
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Peer presentations (RFMlBEST group seminars, LJMU internal)
• "Microwave enhancement and sensor implementation in cell research" (October 2010)
• "Endnote X4" and research methods (November 2010)
• "EU FP7 Micrograss project" (April 2011)
• "PhD development" (May 2011)
Presentations for patent preparations
• Patent - The Microwave Bioreactor
Technical meetings;
Fraunhofer Institute (Germany)
• LJMU-WP3 - Reactor design (March 2010)
• LJMU-WP3 - Reactor design development (November 2010)
Biofuels Wales (Liverpool)
• BiofuelsWaleslPERA (HER!) Technical meeting WP3 (July 2010)
PERA (Melton Mowbray)
• WP3 - The modular Microwave System (July 2010)
Webcasts, webinars, RSS feeds, Google tools and social media
Interactive web design and social media provide a wealth of information selectable by importance,
relevance, reputation and lack of bias. For development of HPLC methods and protocols, catalytic
protocols and general research and process development webinars provided by the NREL research
groups, Phenomenex, Agilent and Novozyme have been used. The use of the webinar broadcasts
have allowed interaction through both the posting of specific technical questions to authoritative
figures and real time responses from those presenting and those commenting through the comments
function.
Google notifications allow the repetitive searching of key terms with operator options for word
inclusion/exclusion with email frequency for ease of search and notifications. Use of these tools
throughout the research project, and with periodical updating of the key search parameters,
maintaining an overview of key developments throughout the research period has aided highlighting
recent and relevant research quickly and efficiently.
Social media has been used as a way of highlight research areas from specific scientific and industrial
groups, the most notable sites being LinkedIn.com and Twitter.com. Twitter has been through the
#biochat hashtag for weekly topical debates relating to bioenergy research and policy with a selection
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of notable influences of US biofuel policy. The use of organisational tools (such as Tweetdeck) for
hashtag tracking and organisation, key terms such as #bioethanol, #biofuels, #Cellulosic etc can be
followed in real time.
LinkedIn groups (and associated email alert system) has been valuable with the relating of discussion
interactions in the groups section of the website to the professional profiles of those involved. Groups
subscribed to have focused on clean technologies, microbiology, biofuels and bioproduction.
Verification of online authenticity is often difficult. However, by the use of Linkedln, the reputation
of any authors can be observed through their LinkedIn profile. In addition, the reputation and
authenticity of the discussions is often industrially or academically led depending on group
ownership, preventing dilution of material through lobby or pressure groups.
With the direct communications offered through the use of social media, information dissemination
(recently released documents, product or company news) can be accessed from a broad spectrum of
research related companies with a social media strategy. The use of RSS readers in Thunderbird has
allowed me to maintain search terms from news releases, blogs and other online publishing.
Research seminars and workshops
Training was undertaken in various research related workshops thorough out the project. These are
shown in Table 6.
Provider Course attended
Perkin Elmer
Broadley James Technologies Ltd
LJMU internal course provision
Vitae
LJMUNitae provision
LJMUIBEST internal course
provision
HPLC
Fermentation control
Statistics
The Balanced Researcher - Strategies for busy research
Research Collaboration
Research methods
Table 6. PhD training courses
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Reagents used
NRELrrP-510-42618 - Determination of carbohydrates in biomass by HPLC
High purity standards (98%+)
Glucose
Xylose
Cellobiose
Cellotriose
CeIIotetraose
Furfural
REZEX ROA Column calibration standards
72% w/w H2S04 (0.02 M or specific gravity 1.6389 at 15.6°C/15.6°C
Calcium carbonate
Water, 18megohm deionised water
NRELffP-510-42628 - Measurement of cellulase activity
DNS reagent
Distilled water
3,5 dinitrosalicylic acid
Sodium hydroxide
Rochelle salts (sodium potassium tartrate)
Phenol
Sodium metabisulfite
Citrate buffer
Citric acid monohydrate
DI water
NaOH
Whatman filter paper No. 1 cut into 1.0 x 6.0 cm strips
Sigma-Aldrich 47829
Sigma-Aldrich XlO75
Sigma-Aldrich C7252
Sigma-Aldrich Cl167
Sigma-Aldrich C8286
Sigma-Aldrich W248908
Phenomenex
Sigma-Aldrich
Sigma-Aldrich C6763
Sigma-Aldrich 00550
Sigma-Aldrich S8045
Sigma-Aldrich S6170
Sigma-Aldrich PlO37
Sigma-Aldrich 255556
Sigma-Aldrich C7129
Sigma-Aldrich S8045
Whatman
NRELrrP-510-42629 - Enzymatic saccharification of lignocellulosic biomass
Tetracycline (1OmglmLin 70% ethanol) Sigma-Aldrich 87128
Cycloheximide (10mglmL in distilled water) Sigma-Aldrich 01810
Sodium citrate buffer (O.IM, pH 4.80) (See above)
Cellulase of known activity, FPU/ml Sigma-Aldrich C8546 from
T. reesei strain ATCC26921
at 5.54 FPU/mg
~-glucosidase enzyme of known activity, pNPGU/rnl Sigma-Aldrich C6105 from
Aspergillus niger, synonym
Novozyme 188 at 250
CBU/g
Cellulose material, a-cellulose Sigma-Aldrich C8002
NRELrrP-510-42630SSF Experimental protocols - Lignocellulosic biomass hydrolysis and
fermentation
Sodium citrate buffer
Yeast extract
Peptone
Alcotec 24hr yeast
Lactic acid
Acetate
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(see above)
Sigma-Aldrich Y1625
FlukaP0556
Alcotec Ltd
Sigma-Aldrich
Sigma-Aldrich
Equipment used
Generic equipment
Laboratory bench oven (80°C)
Microcentrifuge
20-200~.tl, 200-1000!l1 and lOOO-5000!l1pipettes
Disposable tips (5000ul, lOOOuland 200ul)
Disposable Pasture pipettes
Universal glass vials (SOml)
Bijou bottles (5, 7, and 50ml)
Spectrophotometers
Series 2 spectrophotometer
HP 8453 spectrophotometer
Spectrophotometer cuvettes (4ml and I.Sml)
Analytical balance readable to 0.1 mg
Analytical balance readable to 0.00 1mg
Weighing boats
Eppendorf I.SmL microcentrifuge tubes
Duran bottles SOOml, 1000ml, SOOOml
Digital cameras
Canon EOS 550D
Canon/Kodak EOS DCSS201D2000
HTC Desire camera phone
Infrared thermal imaging camera
Software:
Kodak Photodesk
Microwave bioreactor
21 fermentation stirred tank reactor
Off gas condenser
Sterile sample system
Triple port
Agitation shaft and associated Ruston turbines
0.2!lm gas filters
24v DC geared agitation motor
0-30 V peak 2 Amp variable power supply
12mm dissolved oxygen probe
12mm fermentation autoclavable pH probe
Coaxial launching cable (lm length, 50 Ohm, RG 214)
0-200 Watt variable frequency solid state microwave generator
0-200 Watt fixed frequency (2.45 GHz) microwave generator
2,45 GHz S band stub tuning section (WR248 / WG 9A)
2,45 GHz S band launching section (WR248 IWG 9A)
Microwave cavity (Project bespoke design)
Peristaltic pumps (x2)
Fermentation/catalysis process controllers and data loggers
Bio-controller (built to specification)
C02/02 gas analyser
Digitally controlled heat exchanger
TC08 data logger
K-type 150mm temperature probe
K-type surface temperature probe
Desktop computer
Software:
eLogger
PicoLog recorder
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Genlab IS l8C
Sanyo EMS
Gilson
Sigma-Aldrich
Sigma-Aldrich
VWR supplies
Sigma-Aldrich
Cecil
Hewlett Packard
Sarstedt
Ohaus Adventurer Pro
Kern PCB
Sigma- Aldrich
Sigma-Aldrich CLS3620
Sigma-Aldrich
Jessops Ltd (Liverpool)
Personal ownership
Personal ownership
Optris
Metrohm-Applikon
PI systems
Radio Supplies (model E30/1)
Broadley James Tech. Ltd
Broadley James Tech. Ltd
Sariem
Sariem
Microtron
LJMU
LJMU
LJMU
Watson Marlow (modeI303)
Broadley James Tech. Ltd
Electrolabs
Huber Polys tat cc3
PicoLog
RS supplies
RS supplies
EMS Athlon 2.8Ghz, IGb RAM
Electrolabs
Pico Technology
NRELffP-510-42618 - Determination of carbohydrates in biomass by HPLC
Refractive index detector (operating at 40°C)
UVNIS spectrophotometer (200nm)
Column oven (capable of maintaining 19 - 65°C ± 0.1 "C)
HPLCpump
Autosampler with peltier tray (capable of maintaining 4°C ± 0.1 "C)
Interface boxes (600 link and 901)
Vacuum degasser
REZEX ROA H+ column 300mm x 5mm
Guard columns appropriate for columns used
3ml disposable syringes
PAL 0.45!lm and 0.2!lm syringe filters. PTFE and nylon
HPLC vials (J 2x32mm, clear glass crimp top)
HPLC vials crimp caps (11mm PTFE/rubber inserts)
HPLC vial crimper for 11mm caps (pt no. 8770-0979)
Mobile phase vacuum filtration
Control PC (Dell Dimension Intel Celeron D. 1Gb RAM)
Software:
TotalChrom 3.4.1.
NRELrrP-510-42628 - Measurement of cellulase activity
HPLC system
Water bath capable of maintaining 50°C ± 0.1 °C
l5ml centrifuge tubes heat resistant to 110°C
Spectrophotometer suitable for measuring absorbance at 540nm
Perkin Elmer 200 Series
Perkin Elmer 200 Series
Perkin Elmer 200 Series
Perkin Elmer 200 Series
Perkin Elmer 200 Series
Perkin Elmer
Perkin Elmer
Phenomenex
Phenomenex SecurityGuard ™
Sigma- Aldrich
Sigma-Aldrich
SupeJco
SupeJco
Agilent
Dell
Perkin Elmer
(see "NREUfP-51O-42618"
equipment)
Clifton
Cecil Series 2
NRELtrP·510·42629 • Enzymatic saccharification of lignocellulosic biomass
HPLC system (see "NREUfP-51O-42618"
equipment)
Hanna Interments
(see "Generic Equipment")
pH meter (HI221 0)
Analytical balances
NRELtrP·510·42630 • SFF Experimental protocols - Lignocellulosic biomass hydrolysis and
fermentation
HPLC system
Autoclave
Laminar flow hood
-70°C freezer (-85°C Ultra Low Freezer)
Bench top centrifuge
Shake flask incubator (Orbital Incubator)
Analytical balance
Cell counting chamber slide (Haemocytometer. Improved Neubauer)
Microscope
Bio-controller
35
(see "NREUfP-51O-42618"
equipment)
New Brunswick Scientific
SanyoEMS
Gallenkamp
(see "Generic equipment")
Weber Scientific International
Nikon Labophot 2
Zeiss Axio Scope Al
Broadley James Tech. Ltd.
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Chemical Analysis and Testing Task
Laboratory Analytical
Procedure
LAP-002
Procedure Title: Determination of Carbohydrates in Biomass by HighPerformance Li uid Chromato ra h
Author: Raymond Ruiz and Tina Ehrman Date: 2-14-96
ISSUE DATE: 8-12-96 SUPERSEDES: 1-30-95
DISCLAIMER
These Standard Biomass Analytical Methods ("Methods") are provided by the National
Renewable Energy Laboratory ("NREL"), which is operated by the Midwest Research Institute
("MRI") for the Department Of Energy.
Access to and use of these Methods shall impose the following obligations on the user. The
user is granted the right, without any fee or cost, to use, copy, modify, alter, enhance and
distribute these Methods for any purpose whatsoever, except commercial sales, provided that
this entire notice appears in all copies of the Methods. Further, the user agrees to credit
NRELIMRI in any publications that result from the use of these Methods. The names
NRELIMRI, however, may not be used in any advertising or publicity to endorse or promote any
products or commercial entity unless specific written permission is obtained from NRELIMRI.
The user also understands that NREUMRI is not obligated to provide the user with any support,
consulting, training or assistance of any kind with regard to the use of these Methods or to
provide the user with any updates, revisions or new versions.
THESE METHODS ARE PROVIDED BY NREUMRI "AS IS" AND ANY EXPRESS OR IMPLIED
WARRANTIES, INCLUDING BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF
MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN
NO EVENT SHALL NREUMRI BE LIABLE FOR ANY SPECIAL, INDIRECT OR
CONSEQUENTIAL DAMAGES OR ANY DAMAGES WHATSOEVER, INCLUDING BUT NOT
LIMITED TO CLAIMS ASSOCIATED WITH THE LOSS OF DATA OR PROFITS, WHICH MAY
RESULT FROM AN ACTION IN CONTRACT, NEGLIGENCE OR OTHER TORTIOUS CLAIM
THAT ARISES OUT OF OR IN CONNECTION WITH THE ACCESS, USE OR PERFORMANCE
OF THESE METHODS.
Determination of Carbohydrates in Biomass by High Performance Liquid Chromatography
Laboratory Analytical Procedure #002
1. Introduction
1.1 The carbohydrates making up a major portion of biomass samples are polysaccharides composed
primarily of glucose, xylose, arabinose, galactose, and mannose subunits. The polysaccharides
present in a biomass sample can be hydrolyzed to their component sugar monomers by sulfuric
acid in a two-stage hydrolysis process. The sample can then be quantified by ion-moderated
partition HPLC.
1.2 This procedure has been adopted by ASTM as the Standard Test Method for Determination of
Carbohydrates in Biomass by High Performance Liquid Chromatography, E1758-95.
2. Scope
2.1 This method covers the determination of carbohydrates, expressed as the percent of each sugar
present in a hydrolyzed biomass sample. The sample is taken through a primary 72% sulfuric
acid hydrolysis, followed by a secondary dilute-acid hydrolysis.
2.2 Sample material suitable for this procedure include hard and soft woods, herbaceous materials
(such as switchgrass and sericea), agricultural residues (such as com stover, wheat straw, and
bagasse), waste-paper (such as office waste, boxboard, and newsprint), washed acid- and
alkaline-pretreated biomass, and the solid fraction of fermentation residues. All results are
reported relative to the 105°C oven-dried weight of the sample. In the case of extracted
materials, the results may also be reported on an extractives-free basis.
2.3 All analyses shall be performed according to the guidelines established in the Ethanol Project
Quality Assurance Plan (QAP).
3. References
3.1 Moore, W.E., and D.B. Johnson. 1967. Procedures for the Chemical Analysis of Wood and
Wood Products. Madison, WI: U.S. Forest Products Laboratory, U.S. Department of
Agriculture.
3.2 Ethanol Project Laboratory Analytical Procedure #001, "Standard Method for the Determination
of Total Solids in Biomass".
3.3 Ethanol Project Laboratory Analytical Procedure #003, "Determination of Acid-Insoluble Lignin
in Biomass".
3.4 NREL Ethanol Project Laboratory Analytical Procedure #004, "Determination of Acid-Soluble
Lignin in Biomass".
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3.5 NREL Ethanol Project Laboratory Analytical Procedure #010, "Standard Method for the
Determination of Extractives in Biomass".
3.6 TAPPI Test Method T264 om-88, "Preparation of Wood For Chemical Analysis." In Tappi Test
Methods. Atlanta, GA: Technical Association ofthe Pulp and Paper Industry.
3.7 Vinzant, T.B., L. Ponfick, N.J. Nagle, C.I. Ehrman, J.B. Reynolds, and M.E. Himmel. 1994.
"SSF Comparison of Selected Woods From Southern Sawmills." Appl. Biochem. Biotechnol.,
45/46:611-626.
4. Terminology
4.1 Prepared Biomass - Biomass that has been prepared by lyophilization, oven drying, air drying,
and in some instances by extraction, to reduce the moisture content of the sample so it is
suitable for carbohydrate analysis.
4.2 Oven-Dried Weight - The moisture-free weight ofa biomass sample as determined by LAP-001,
"Standard Method for Determination of Total Solids in Biomass".
5. Significance and Use
5.1 The percent sugar content is used in conjunction with other assays to determine the total
composition of biomass samples.
6. Interferences
6.1 Samples with high protein content may result in percent sugar values biased low, as a
consequence of protein binding with some of the monosaccharides.
6.2 Test specimens not suitable for analysis by this procedure include acid- and alkaline-pretreated
biomass samples that have not been washed. Unwashed pretreated biomass samples containing
free acid or alkali may change visibly on heating.
7. Apparatus
7.1 Hewlett Packard Modell 090 HPLC, or equivalent, with refractive index detector.
7.2 HPLC columns, BioRad Aminex7 HPX-87C and/or Aminex7 HPX-87P (or equivalent).
7.3 Guard columns, cartridges appropriate for the column used.
Note: Deashing guard column cartridges from BioRad, of the ionic form H+/C03%,
are an option when using an HPX-87P column. These cartridges have been found
to be effective in eliminating baseline ramping.
7.4 Analytical balance readable to 0.1 mg.
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7.S Convection ovens with temperature control to 4S ± 3°C and lOS ± 3°e.
7.6 Autoclave capable of maintaining 121 ± 3°C.
7.7 Water bath set at 30 ± 3°C.
7.8 Desiccator containing anhydrous calcium sulfate.
8. Reagents and Materials
8.1 Reagents
8.1.1 High purity sugars for standards (98%+) - two sets of glucose, xylose, galactose,
arabinose,and mannose from different lots or manufacturers.
8.1.2 72% w/w H2S04 (12.00 ± 0.02 M or specific gravity 1.6389 at IS.6 QC/lS.6°C).
8.1.3 Calcium carbonate, ACS reagent grade.
8.l.4 Water. 18 megohm deionized.
8.2 Materials
8.2.1 Glass test tubes. l6x 100 mm.
8.2.2 12S mL glass serum bottles. crimp top style, with rubber stoppers and aluminum seals
to fit.
8.2.3 pH paper, suitable to cover the pH range of 4 to 7.
8.2.4 Disposable nylon syringe filters, 0.2 urn,
8.2.S Disposable syringes, 3 mL.
8.2.6 Autosampler vials, with crimp top seals to fit.
8.2.7 Erlenmeyer flasks, SOmL.
9. ES&H Considerations and Hazards
9.1 Follow all applicable NREL Laboratory Specific Hygiene Plan guidelines.
9.2 72% H2S04 is very corrosive and must be handled carefully.
9.3 Use caution when handling hot glass bottles after the autoclave step, as they may have become
pressurized.
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10. Sampling, Test Specimens and Test Units
10.1 Test specimens suitable for analysis by this procedure are as follows:
- biomass feedstocks, dried and reduced in particle size, if necessary.
- pretreated biomass, washed free of any residual acid or alkali.
- the solids fraction of fermentation residues.
10.2 The sample must not contain particles larger than 1 mm in diameter. If milling is required to
reduce the particle size of the test specimen, a laboratory mill equipped with a 40 mesh (or
smaller) screen should be used.
10.3 The total solids content of the "as received" test specimen (prior to any drying or extraction
steps) must be determined by LAP-OOI in parallel with the carbohydrate analysis. Record this
value as %Tas received.
10.4 Material with a total solids content less than 85%, on a 105°C dry weight basis, will require
drying by lyophilization, oven drying, or air drying prior to milling or analysis. The amount of
moisture lost as a result of the preparation procedure must be determined. This moisture content
is used to calculate the total solids content of the sample based on its preparation and is recorded
as %Tprep. This value is used to correct the weight of the prepped material used in the
carbohydrate analysis, as described in the calculations section. The prepared sample should be
stored in a manner to ensure its moisture content does not change prior to analysis.
Note: Preparing samples for analysis by oven drying can produce hard chunks of
material. This material must then be milled to reduce the size of the large pieces to
less then I mm in diameter. The sample is then redried prior to testing.
10.5 Some samples may require extraction prior to analysis, to remove components that may interfere
with the analysis. LAP-O10, "Standard Method for the Determination of Extractives in
Biomass", is used to prepare an extractives-free sample with a moisture content suitable for
carbohydrate analysis. As part of this procedure, the percent extractives in the prepared sample,
on a 105°C dry weight basis, is determined. This value, recorded as % extractives, can be used
to convert the % sugar reported on a extractives-free basis to an as received (whole sample)
basis.
10.6 The test specimen shall consist of approximately 0.3 g of sample. The test specimen shall be
obtained in such a manner to ensure that it is representative of the entire lot of material being
tested.
11. Procedure
11.1 This procedure is suitable for air-dried, lyophilized, and extracted biomass samples, as well as
for samples that have been oven dried at a temperature of 45°C or less. It is not suitable for
samples that have been dried at a temperature exceeding 45°C.
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Note: The total solids content of the original sample, %Tas received, must be determined
using LAP-OOl, prior to any preparatory steps. The total solids content of the sample
based on its preparation, %Tprep' must also be known.
11.2 Determine the total solids content of the prepared or extractives-free biomass sample by LAP-
001 and record this value as %T final.
Note: Samples for total solids determination (LAP-OOl) must be weighed out at the
same time as the samples for the carbohydrate determination. If this is done later, it
can introduce an error in the calculation because ground biomass can rapidly gain or
lose moisture when exposed to the atmosphere.
11.3 Weigh 0.3 ± 0.01 g of the prepared or extractives-free sample to the nearest 0.1 mg and place
in a l6xlOO mm test tube. Record as WI. the initial sample weight in grams. Each sample must
be run in duplicate, at minimum.
11.4 Add 3.00 ± 0.01 mL (4.92 ± 0.01 g) of72% H2S04 and use a glass stirring rod to mix for 1
minute, or until the sample is thoroughly wetted.
11.5 Place the test tube in the water bath set at 30 ± 1QCand hydrolyze for 2 hours.
11.6 Stir the sample every 15 minutes to assure complete mixing and wetting.
11.7 Weigh out 0.3 ± 0.01 g of each high purity sugar (predried at 45°C) to the nearest 0.1 mg, and
place each in its own 16xl00 mm glass test tube. Add acid, hydrolyze, and stir these sugars as
described in the previous three steps. These sugar recovery standards (SRS) will be taken
through the remaining steps in the procedure in parallel with the samples. The calculated
recovery of the SRSs will be used to correct for losses due to the destruction of sugars during
the hydrolysis process. It may be useful to run selected SRSs in duplicate, particularly if
specific sugars are deemed critical.
11.8 Prepare a method verification standard (MVS) by weighing out 0.3 ± 0.01 g of a well
characterized standard material suitable for analysis. Add acid, hydrolyze, and stir the MVS as
was done with the samples and SRSs (see 11.4-11.6 above). This MVS will be taken through
the remaining steps in the procedure in parallel with the samples and the SRSs, and is used to
test the reproducibility of the method as a whole.
Note: A suitable method verification standard, Populus deltoides, may be obtained
from NIST (research material #8492).
11.9 Upon completion of the two hour hydrolysis step, transfer each hydrolyzate to its own serum
bottle and dilute to a 4% acid concentration by adding 84.00 ± 0.04 mL deionized water. Be
careful to transfer all residual solids along with the hydrolysis liquor. The total weight added
to the tared bottle is 89.22 g (0.3 g sample, 4.92 g 72% H2S04, and 84.00 g deionized water).
Since the specific gravity of the 4% acid solution is 1.0250 g/ml., the total volume of solution,
VF, is 87.0 mL.
11.10 Stopper each of the bottles and crimp aluminum seals into place.
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11.11 Set the autoclave to a liquid cycle to prevent loss of sample from the bottle in the event of a
loose crimp seal. Autoclave the samples in their sealed bottles for 1 hour at 121 ± 3°C.
11.12 After completion of the autoclave cycle, allow the samples to cool for about 20 minutes at room
temperature before removing the seals and stoppers.
11.13 These autoc1aved solutions may also be used for the determination of acid-insoluble residue
and/or acid-soluble lignin, in parallel with this carbohydrate determination.
Note: If acid-insoluble lignin and/or acid-soluble lignin determinations are to be
conducted on a sample, the residual solids must be collected by filtering the
hydrolyzate through an ashed and weighed filtering crucible prior to proceeding with
the carbohydrate determination. Refer to LAP-003, "Determination of Acid-
Insoluble Lignin in Biomass", for details. If an acid-soluble lignin determination is
to be conducted, a portion of the filtrate must be reserved for analysis. Acid-soluble
lignin should be analyzed within 24 hours, preferably within 6 hours of hydrolysis.
Refer to the procedure "Determination of Acid-Soluble Lignin in Biomass" (LAP-
004) for details.
11.14 Transfer 20 mL aliquots of each hydrolyzate, or filtrate, to 50 mL Erlenmeyer flasks.
11.15 Neutralize with calcium carbonate to a pH between 5 and 6. Do not over-neutralize. Add the
calcium carbonate slowly with frequent swirling to avoid problems with foaming. Monitor the
pH of the solution with pH paper to avoid over-neutralization.
11.16 Filter the neutralized hydrolyzate using a 3 mL syringe with a 0.2 um filter attached. One
portion of the hydrolyzate should be filtered directly into a sealable test tube for storage. A
second portion should be filtered directly into an autosampler vial if the hydrolyzate is to be
analyzed without dilution. If the concentration of any of the analytes is expected to exceed the
validated linear range of the analysis, dilute the hydrolyzate as required and filter into an
autosampler vial for analysis.
Note: It is advisable to determine the initial glucose concentration of the sample
using an alternative technique, such as a YSI glucose analyzer, in order to predict
whether or not the glucose in the sample will fall within the linear range of the
analysis.
11.17 The portion of the neutralized hydrolyzate filtered into the test tube should be securely sealed,
labeled, placed in the refrigerator, and reserved in case a repeat analysis is required. The sample
should be stored for no longer than two weeks.
11.18 Prepare a series of sugar calibration standards in deionized water at concentrations appropriate
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for creating a calibration curve for each sugar of interest. A suggested scheme for the HPX-87C
column is to prepare a set of multi-component standards containing glucose, xylose, and
arabinose in the range ofO.2 -12.0 mg/mL. For the HPX-87P column, galactose, and mannose
should be included as additional components in the standards. Extending the range of the
calibration curves beyond 12.0 mg/mL will require validation.
11.19 Prepare an independent calibration verification standard (CVS) for each set of calibration
standards, using sugars obtained from a source other than that used in preparing the calibration
standards. The CVS must contain precisely known amounts of each sugar contained in the
calibration standards, at a concentration that falls in the middle of the validated range of the
calibration curve. The CVS is to be analyzed after each calibration curve and at regular
intervals in the HPLC sequence, bracketing groups of samples. The CVS is used to verify the
quality of the calibration curve(s) throughout the HPLC run.
11.20 Analyze the calibration standards, the CVS, the samples, the SRSs, and the MVS by HPLC
using a Biorad Aminex7 HPX-87C or HPX-87P column for glucose, xylose, and arabinose. If
mannose and galactose are also to be determined, a Biorad Aminex7 HPX-87P column must
be used instead. For many analyses, it is useful to run the same samples on both columns and
compare the results. The following instrumental conditions are used for both the HPX-87C and
the HPX-87P columns:
Sample volume: 50 ul.,
Eluant: 0.2 um filtered and degassed, deionized water.
Flow rate: 0.6 rnL/min.
Column temperature: 85°C.
Detector: refractive index.
Run time: 20 minutes data collection plus a 15 minute post-run.
12. Calculations
12.1 Create a calibration curve by linear regression analysis for each sugar to be quantified. From
these curves, determine the concentration in mg/mL of the sugars present in each solution
analyzed by HPLC.
12.2 Calculate the amount of sugar recovered from each SRS taken through the two-stage hydrolysis.
This will give an estimate of the amount of each individual sugar destroyed during the
hydrolysis procedure.
% Rsrs= C2 x 100%
Cl
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Where: %R srs =% recovery of sugar recovery standard
Cl = known concentration of sugar recovery standard before hydrolysis, in
mg/mL
C2 = concentration of sugar recovery standard detected by HPLC after
hydrolysis, in mglmL
12.3 Use the percent recovery of the appropriate sugar recovery standard to correct sugar
concentration values (in mglmL) obtained from HPLC for each sugar detected in the hydrolyzed
sample.
%Rsrs
Ceorr = Cspl + 100%
Where:
Ccorr = concentration of sugar in hydrolyzed sample corrected for hydrolysis,
in mglmL
Csp1 = concentration of sugar detected in the hydrolyzed sample by HPLC,
inmglmL
%Rsrs = % recovery of sugar recovery of standard, as determined in the
previous step
12.4 For lyophilized, air dried, or oven dried samples, or for samples requiring no preparation,
calculate the percentage of each sugar present in the sample on an as received l05°C dry weight
basis as follows:
19 19
CcorrX J 000 m x V F CcorrX X V F
%Sugar= g x100%= JOOOmg x100%
W x % T as received % T final
I %T prep WI X 100%
Where: WI = initial weight of sample, in grams
VF = volume of filtrate, 87.0 mL
Ceorr= concentration of sugar in hydrolyzed sample corrected for loss on hydrolysis,
is determined in previous step, in mglmL
%T as received= % total solids content of the original sample (prior to any preparation
steps) on a !05°C dry weight basis, as determined by the LAP-OOl
%Tprep = % total solids content of the sample as determined during the preparation
of the sample for analysis (by lyophilization, oven-drying, or air drying)
%Tfinal = % total solids content of the prepared sample used in this carbohydrate
analysis, on a !05°C dry weight basis, as determined by the LAP-OOI
Note: If the sample used in the analysis required no preparation (analyzed as
received), then %Tprep = 100% and %T final = %T as received.
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12.5 If the biomass was prepared according to the "Standard Method for the Determination of
Ethanol Extractives in Biomass" (LAP-O10), first calculate the percentage of each sugar present
on an extractives-free 105EC dry weight basis and then correct this value to an as received
(whole sample) 105°C dry weight basis.
12.5.1
Calculate the percentage of e'\C~ sugar on an extractives-free basis as follows:
c.:» X VF
% S = 1000 mg x 100%o ugar extractives.free 0
% T final
WIX 100%
Where: Ccorr = concentration of sugar in hydrolyzed sample corrected for loss on
hydrolysis, as determined above, in mglmL
VF = volume of filtrate, 87.0 mL
WI = initial weight of extracted sample, in grams
%Tjinal = % total solids content of the prepared sample used in this
carbohydrate analysis (in this case, extracted sample), on a 105°C dry
weight basis, as determined by the LAP-OOI
12.5.2 Correct the % sugar value on an extractives-free basis, calculated above, to an as
received (whole sample) 1OsoCdry weight basis as follows:
o = 0 x (100% -% extractives)
% Sugar whole sample % Sugar extractives-free 100%
Where:
% Sugarex/ractives*ee =% sugar on an extractives-free 105°C dry weight basis,
as determined in the previous step
% extractives =% extractives in the extracted sample as described in the
Standard Method for the Determination of Extractives in Biomass
13. Report
13.1 Report the percent sugar present in the sample, to two decimal places, on a whole sample 105°C
dry weight basis or on an extractives-free basis. Cite the basis used in the report.
13.2 For replicate analyses of the same sample, report the average, standard deviation, and relative
percent difference (RPD).
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14. Precision and Bias
14.1 Data obtained by replicate testing of a hybrid poplar in one laboratory, using a HPX-87P
column, gave a standard deviation in glucose content of 1.90% and a CV of3.95%.
14.2 Data obtained by replicate testing of an extractives-free hybrid poplar sample in five different
laboratories gave a standard deviation of 1.90% and a CV of 4.0%.
15. Quality Control
15.1 Reported significant figures: Report the percentage of each sugar present in the hydrolyzed
sample to two decimal places, on a whole sample 105°C dry weight basis or on an extractives-
free basis. Cite the basis used in the calculation.
15.2 Replicates: At minimum, all samples and the method verification standard are to be analyzed
in duplicate.
15.3 Blank: The only requirement is a reagent blank, which starts out as an empty 16xl00 mm test
tube (ie, no sample) which is taken through all the procedural steps.
15.4 Relative percent difference criteria: The RPD for glucose must be less than 6.1%. If the RPD
is too large, the sample must rerun.
15.5 Method verification standard: A method verification standard must be run in duplicate with
every batch. This method utilizes a well characterized standard material suitable for analysis.
For example, NIST 8492 (Populus deltoides) is used as the MVS in carbohydrate analysis of
hardwoods.
15.6 Calibration verification standard: Calibration verification standards shall be independently
prepared and analyzed as described in section 11.19 of this procedure.
15.7 Sample size: A minimum of 0.6 grams of sample (on a dry weight basis) are required for
duplicate analyses. If there is insufficient sample, the result will be flagged and the lack of
precision will be noted.
15.8 Sample storage: Samples shall be stored in an airtight container and refrigerated.
15.9 Standard storage: Standards should be kept frozen in airtight vials or test tubes. Vortex the
standards vigorously upon thawing to ensure thorough mixing.
15.10 Standard preparation: Standards are prepared according to section 11.18 of this procedure.
15.11 Definition of a batch: Any number of samples which are analyzed and recorded together. The
maximum size of a batch would be limited by the equipment constraints. A batch cannot be
larger than what is practical with the equipment.
15.12 Control charts: The result of each replicate analysis of the method verification standard is
recorded along with the average, RPD, and a laboratory book/page reference. The average
value obtained for each analysis of the method verification standards is to be control charted.
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DISCLAIMER
These Standard Biomass Analytical Methods ("Methods") are provided by the National
Renewable Energy Laboratory ("NREL"), which is operated by the Midwest Research Institute
("MRI") for the Department Of Energy.
Access to and use of these Methods shall impose the following obligations on the user. The
user is granted the right, without any fee or cost, to use, copy, modify, alter, enhance and
distribute these Methods for any purpose whatsoever, except commercial sales, provided that
this entire notice appears in all copies of the Methods. Further, the user agrees to credit
NRELIMRI in any publications that result from the use of these Methods. The names
NRELIMRI, however, may not be used in any advertising or publicity to endorse or promote any
products or commercial entity unless specific written permission is obtained from NREUMRI.
The user also understands that NRELIMRI is not obligated to provide the user with any support,
consulting, training or assistance of any kind with regard to the use of these Methods or to
provide the user with any updates, revisions or new versions.
THESE METHODS ARE PROVIDED BY NRELIMRI "AS IS" AND ANY EXPRESS OR IMPLIED
WARRANTIES, INCLUDING BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF
MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN
NO EVENT SHALL NRELIMRI BE LIABLE FOR ANY SPECIAL, INDIRECT OR
CONSEQUENTIAL DAMAGES OR ANY DAMAGES WHATSOEVER, INCLUDING BUT NOT
LIMITED TO CLAIMS ASSOCIATED WITH THE LOSS OF DATA OR PROFITS, WHICH MAY
RESULT FROM AN ACTION IN CONTRACT, NEGLIGENCE OR OTHER TORTIOUS CLAIM
THAT ARISES OUT OF OR IN CONNECTION WITH THE ACCESS, USE OR PERFORMANCE
OF THESE METHODS.
Measurement of Cellulase Activities
Laboratory Analytical Procedure #006
1. Introduction
1.1 The following method describes a procedure for measurement of cellulase activity
using International Union of Pure and Applied Chemistry (IUPAC) guidelines (1). The
procedure has been designed to measure cellulase activity in terms of "filter-paper
units" (FPU) m milliliter of original (undiluted) enzyme solution. For quantitative
results the enzyme preparations must be compared on the basis of significant and equal
conversion. The value of 2.0 mg of reducing sugar as glucose from 50 mg of filter
paper (4% conversion) in 60 minutes has been designated as the intercept for
calculating filter paper cellulase units (FPU) by IUPAC.
1.2 It is extremely important to keep in mind that the FPU is defmed only at this extent of
conversion. Reducing sugar yield is not a linear function of the quantity of enzyme in
the assay mixture; as discussed by Ghose (1987), twice the amount of enzyme would
not be expected to yield twice the reducing sugar in equal time. The assay procedure
therefore involves finding a dilution of the original enzyme stock such that a 0.5 rnL
aliquot of the dilution will catalyze 4% conversion in 60 minutes (or, in practical terms,
fmding two dilutions that bracket the 4%-conversion point so closely that the required
dilution can be obtained, with reasonable accuracy, by interpolation) and then
calculating the activity (in FPU/mL) of the original stock from the dilution required.
Further comments on the required calculations, and their significance, are to be found
in the Appendix.
1.3 Assay mixtures may in some cases contain reducing sugars unrelated to hydrolysis of
substrate glycosidic bonds by the enzyme. Culture filtrates to be assayed for cellulase
may contain nutrient sugars, and the reducing ends of the cellulose polymers of the
substrate may sometimes be measurable as glucose equivalents before any enzyme
attack. For this reason, controls consisting of (a) enzyme without substrate and b)
substrate without enzyme are included with all enzyme assays and sample values are
corrected for any blank values.
2. Scope
2.1 This procedure is only appropriate for the determination of FPU activity in a cellulase
preparation as defmed by the IUPAC procedure as outlined above.
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3. References
3.1 Ghose, T.K. 1987. "Measurement of Cellulase Activities." Pure & Appl. Chern. 59:
257-268.
3.2 Miller, G.L. 1959. "Use of Dinitrosalicylic Acid Reagent for Determination of
Reducing Sugar." Anal. Chern. 31:426-428.
4. Significance and Use
4.1 This procedure follows lUPAC guidelines and determines enzyme activity as filter
paper units in a cellulase preparation.
5. Apparatus
5.1 Water bath capable of maintaining 50°C ± 0.1°C.
5.2 Spectrophotometer suitable for measuring absorbance at 540 nm.
6. Reagents and Materials
6.1 DNS Reagent
Mix: Distilled water
3,5 Dinitrosalicylic acid
Sodium hydroxide
1416 mL
10.6 g
19.8 g
Dissolve above, then add:
Rochelle salts (sodium potassium tartrate)
Phenol (melt at 50°C)
Sodium metabisulfite
306 g
7.6mL
8.3 g
Titrate 3 mL sample with 0.1 N HCI to the phenolphthalein endpoint. It should take
5-6 mL ofHCl. Add NaOH if required (2 g = 1 mL 0.1 N HCL).
6.2 Citrate Buffer: For Trichoderma reesei, cellulase assays are carried out in 0.05 M
citrate buffer pH 4.8. For other cellulase enzymes, the pH and the assay temperature
may be different. The assay conditions must be defmed when reporting results.
Citric acid monohydrate
DJ water
NaOH - add until pH equals 4.3
210 g
750 mL
50 to 60 g
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Dilute to 1 L and check pH. Ifnecessary add NaOH until the pH is 4.5.
When the 1M stock citrate buffer stock is diluted with water to 50 mM
the pH should be 4.8. After diluting the citrate buffer check and adjust
the pH if necessary to pH 4.8.
7. ES&H Considerations and Hazards
7.1 Follow all applicable NREL Laboratory Specific Hygiene Plan guidelines.
7.2 Care must be taken when working with phenol, which is toxic and corrosive.
8. Procedure for the Filter Paper Assay for Saccharifying Cellulase
8.1 The detection of glycosidic bond cleavage by this method involves the parallel and
identical treatment of three categories of experimental tubes (assay mixtures, blanks
and controls, and glucose standards), prepared as detailed below. The substrate is a 50
mg Whatman No. 1 filter paper strip (1.0 x 6.0 cm).
8.2 Enzyme assay tubes:
8.2.1 Place a rolled filter paper strip into each 13 x 100 test tube.
8.2.2 Add 1.0 mL 0.05 M Na-citrate, pH 4.8 to the tube; the buffer should saturate
the filter paper strip.
8.2.3 Equilibrate tubes with buffer and substrate to 50°C.
8.2.4 Add 0.5 mL enzyme diluted appropriately in citrate buffer. At least two
dilutions must be made of each enzyme sample, with one dilution releasing
slightly more than 2.0 mg of glucose (absolute amount) and one slightly less
than 2.0 mg of glucose. Target 2.1 and 1.9 mg glucose, respectively, for
these two dilutions. Depending on the enzyme these targets may be hard to
achieve and additional dilutions must be run.
8.2.5 Incubate at 50°C for exactly 60 min.
8.2.6 At the end of the incubation period, remove each assay tube from the 50°C
bath and stop the enzyme reaction by immediately adding 3.0 mL DNS
reagent and mixing.
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8.3 Blank and controls:
8.3.1 Reagent blank: 1.5 mL citrate buffer.
8.3.2 Enzyme control: 1.0 mL citrate buffer + 0.5 mL enzyme dilution (prepare a
separate control for each dilution tested).
8.3.3 Substrate control: 1.5 mL citrate buffer + filter-paper strip.
8.4 Glucose standards:
8.4.1 A working stock solution of anhydrous glucose (10 mg/mL) should be made
up. Aliquots of this working stock should be tightly sealed and stored frozen.
The standard should be vortexed after thawing to ensure adequate mixing.
8.4.2 Dilutions are made from the working stock in the following manner:
1.0 mL + 0.5 mL buffer = 1:1.5 = 6.7 mg/mL (3.35 mg/0.5 mL).
1.0 mL + 1.0 mL buffer = 1:2 = 5 mg/mL (2.5 mg/0.5 mL).
1.0 mL + 2.0 mL buffer = 1:3 = 3.3 mg/mL (1.65 mg/0.5 mL).
1.0 mL + 4.0 mL buffer = 1:5 = 2 mg/mL (1.0 mg/0.5 mL).
8.4.3 Glucose standard tubes should be prepared by adding 0.5 mL of each of the
above glucose dilutions to 1.0 mL of citrate buffer in a 13 x 100 mm test
tube.
8.4.4 Blanks, controls and glucose standards should be incubated at 50°C along
with the enzyme assay tubes, and then "stopped" at the end of 60 minutes by
addition of 3.0 mL of DNS reagent.
8.5 Color development (Miller, 1959):
8.5.1 Boil all tubes for exactly 5.0 minutes in a vigorously boiling water bath
containing sufficient water to cover the portions of the tubes occupied by the
reaction mixture plus reagent. All samples, controls, blanks, and glucose
standards should be boiled together. After boiling, transfer to a cold ice-
water bath.
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8.5.2 Let the tubes sit until all the pulp has settled, or centrifuge briefly. Dilute all
tubes (assays, blanks, standards and controls) in water (0.200 mL of color-
developed reaction mixture plus 2.5 mL of water in a spectrophotometer
cuvette works well, use the pipettor to mix by drawing the mixture into the
pipettor tip repeatedly). Determine color formation by measuring absorbance
against the reagent blank at 540 nm. With this dilution the glucose standards
described above should give absorbance in the range of 0.1 to 1.0 A.
9. Calculations
9.1 Construct a linear glucose standard curve using the absolute amounts of glucose
(mg/O.SmL) plotted against As4o. The data for the standard curve should closely fit a
calculated straight line, with the correlation coefficient for this straight line fit being
very near to one. Verify the standard curve by running a calibration verification
standard, an independently prepared solution of containing a known amount of glucose
which falls about midpoint on the standard curve.
9.2 Using this standard curve determine the amount of glucose released for each sample
tube after subtraction of enzyme blank.
9.3 Estimate the concentration of enzyme which would have released exactly 2.0 mg of
glucose by means of a plot of glucose liberated against the logarithm of enzyme
concentration (refer to the example in Appendix B, which uses semilogarithmic graph
paper). To find the required enzyme concentration take two data points that are very
close to 2.0 mg and draw a straight line between them, use this line to interpolate
between the two points to fmd the enzyme dilution that would produce exactly 2.0 mg
glucose equivalents of reducing sugar. Appendix B presents an example.
Note: In this plot, and in the equation below for calculating FPU, the term "enzyme
concentration" refers to the proportion of the original enzyme solution present in each
enzyme dilution (i.e., the number ofmL of the original solution present in each mL of
the dilution).
9.4 Calculate FPU:
F'I P A' . 0.37 . I II fer aper ctivity = units/m
{enzyme] releasing 2.0 mg glucose
Where [enzyme] represents the proportion of original enzyme solution present in the
directly tested enzyme dilution (that dilution of which 0.5 mL is added to the assay
mixture). For the derivation of the FPU see Ghose (1987) and Appendix A.
Procedure #006
Revision: 7/18/96
Supersedes: 8/19/92 Page 5 of 11
9.5 Refer to Appendix B for an example for calculating IUPAC-FPU.
10. Precision and Bias
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10.1 Precision can be measured only by the closeness of repeated measurements of the same
quantity of enzyme. This procedure, if carefully followed, should give the same
approximate numerical readings as obtained by other laboratories using the same
procedure. Precision in filter paper assays may be affected by the inherent physical
properties of cellulase preparations.
11. Quality Control
11.1 Reported significant figures: Typically results are reported as whole integers along
with the standard deviation. The assay conditions must be defmed when reporting the
results.
11.2 Replicates: Run each dilution in triplicate.
11.3 Blank: As described in the section "Blank and controls".
11.4 Relative percent difference criteria: Not defined; dependent on the enzyme being
tested.
11.5 Method verification standard: Not available since enzymes change over time.
11.6 Calibration verification standard: A calibration verification standard shall be
independently prepared and analyzed as described in the section "Calculations".
11.7 Sample size: Dependant upon enzyme concentration.
11.8 Sample storage: Dependant upon source of enzyme. Manufacturer's instructions
should be followed.
11.9 Standard storage: Store frozen at -20°C or prepare fresh batch; shake vigorously prior
to use.
11.10 Standard preparation: As described in the section "Glucose standards".
11.11 Definition of a batch: Run all standards, blanks, and samples together in one batch.
The size of the batch may be limited by instrument constraints and should not be larger
than what is practical to handle together.
11.12 Control charts: Not applicable.
11.13 Others: Not applicable.
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12. Appendix A: Numerical Values in Equation Used to Calculate Filter Paper Activity
The practical bottom line is that if the assays are set up according to the instructions, and the
calculations are carried out using the equation presented in the calculations section, the results
obtained will correspond to the generally accepted activities in "filter paper units" that would be
obtained by other laboratories around the world, were these other laboratories to test the same
enzyme solution. For those workers interested in the derivation of this equation, and of the "filter
paper unit", the following comments may be helpful in conjunction with Ghose (1987).
The numerator (0.37) in the equation is derived from the factor for converting the 2.0 mg of
"glucose-equivalents" generated in the assay to mmoles of glucose (2.0 + 0.18016), from the volume
of the enzyme being tested that is used in the assay (0.5 mL), and from the incubation time (60
minutes) required for generation of the reducing equivalents.
(2.0 mg glucose 10.18016 mg glucose/pmol) 037 II· L
-'-----=-:::__-------=-.::::.__----'---'- =. umo minute- m
(0.5 mL enzyme dilution x 60 minutes)
Thus,
Because the "enzyme concentration" in the denominator of the equation is a dimensionless number
(equal to the ratio of the enzyme concentration in the 0.5 mL of enzyme dilution added to the assay
to the enzyme concentration in the original solution, for which FPU values are desired), the right side
of equation therefore winds up with units (mmol minrnl,") that look like "International Units per
mL" (I.U'/mL). Ghose himself points out, however, that "because the FPU assay is non-linear, the
use of the International Unit per se is incorrect as this unit is based on initial velocities, i.e., linear
reactions in which the product is produced at the same rate during each and every minute of the
reaction." The author goes on to recommend that FPU values for a given cellulase solution be given
simply as "units/mL".
"Defmition" of the "Filter Paper Unit":
As a result of the above choice of numerical values, the "Filter Paper Unit" is not actually explicitly
defined. What is defined is the quantity 0.1875 FPU, which is that quantity of enzyme activity that,
when assayed according to the instructions contained herein, will produce reducing sugar equivalent
to 2.0 mg of glucose. One can verify this from the equation presented in the calculations section by
assuming that the enzyme solution being tested needs no dilution to yield reducing sugar equivalent
to 2.0 mg of glucose (i.e., the "enzyme concentration" ratio in the denominator is equal to 1.0), in
which case the activity of the solution being tested is measured as 0.37 filter paper units per mL.
Inasmuch as 0.5 mL of this solution was used in the assay, the absolute quantity of enzyme activity
that is present in the assay (and to which the observed effect can be ascribed) is 0.1875 FPU.
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To put it another way, we have a defined method for measuring the activity of a cellulase solution
containing 0.1875 filter paper units per 0.5 mL assay aliquot (0.37 filter paper units per mL of
enzyme solution) but we do not have method for measuring the filter paper activity of solutions with
any other value. Solutions containing more than 0.37 "units" per mL must therefore be diluted to
this standard value to be measured, and solutions containing less than 0.37 "units" per mL (reducing
sugar produced in 60 minutes is less than that equivalent to 2.0 mg of glucose) cannot be assigned
"filter paper unit" activities at all. These latter "sub-2.0-mg" solutions either must be concentrated
before assay, or the activities should not be reported as "filter paper units" at all, but should be
reported instead as "mmoles glucose equivalents released per minute averaged over 60 minutes."
Ghose (1987) explains the special circumstances involved in measurement of "filter paper activity",
and workers are urged to pay close attention to the text of the paper (especially the text surrounding
the equations on page 263 of the reference) rather than just "lifting" the equations themselves.
13. Appendix 8: Example for calculating IUPAC-FPU
13.1 Determination of cellulase activity in a T. reesei enzyme preparation using the methods
outlined by IUPAC. All enzyme dilutions were made in citrate buffer, pH 4.8, as
indicated in the following table from a working enzyme stock solution that had been
diluted 1:20 in citrate buffer.
Dilution # Citrate buffer 1:20 Enzyme (ml) Concentration •
(ml)
1 1650 350 0.00875
2 1700 300 0.00750
3 1800 200 0.00500
4 1850 150 0.00375
5 1900 100 0.00250
*The term "concentration" is used to represent the proportion of the original enzyme
solution present in the dilution added to the assay mixture. For example a 1:10 dilution
of the 1:20 working stock of enzyme will have a "concentration" of 0.005.
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13.2 Dilution of glucose standards and construction of standard curve.
Glucose stock Citrate buffer Dilution Concentration Abs. 540 nm
(mL) (mL)
1.0 0.5 1:1.5 3.35 mg/0.5 mL 0.765
1.0 1.0 1:2 2.50 mg/0.5 mL 0.579
1.0 2.0 1:3 1.65 mg/O.5 mL 0.384
1.0 4.0 1:5 1.00 mg/0.5 mL 0.220
13.3 Glucose concentration of samples as determined from standard curve.
Dilution # Abs 540 nm Glucose (mllO.5 mLl
1 0.603 2.63
2 0.567 2.44
3 0.442 1.93
4 0.346 1.51
5 0.248 1.08
Procedure #006
Revision: 7/18/96
Supersedes: 8/19/92 Page 10 of 11
13.4 Determination of the concentration of enzyme which would have released exactly 2.0
mg of glucose by plotting glucose liberated against enzyme concentration.
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13.5 Calculation ofFPU from graph of dilution vs. glucose concentration.
0.37 = 70 FPUlmL
0.0053
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DISCLAIMER
These Standard Biomass Analytical Methods ("Methods") are provided by the National
Renewable Energy Laboratory ("NREL"), which is operated by the Midwest Research Institute
(UMRI")for the Department Of Energy.
Access to and use of these Methods shall impose the following obligations on the user. The
user is granted the right, without any fee or cost, to use, copy, modify, alter, enhance and
distribute these Methods for any purpose whatsoever, except commercial sales, provided that
this entire notice appears in all copies of the Methods. Further, the user agrees to credit
NRELIMRI in any publications that result from the use of these Methods. The names
NRELIMRI, however, may not be used in any advertising or publicity to endorse or promote any
products or commercial entity unless specific written permission is obtained from NRELIMRI.
The user also understands that NRELIMRI is not obligated to provide the user with any support,
consulting, training or assistance of any kind with regard to the use of these Methods or to
provide the user with any updates, revisions or new versions.
THESE METHODS ARE PROVIDED BY NRELIMRI "AS IS" AND ANY EXPRESS OR IMPLIED
WARRANTIES, INCLUDING BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF
MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED. IN
NO EVENT SHALL NRELIMRI BE LIABLE FOR ANY SPECIAL, INDIRECT OR
CONSEQUENTIAL DAMAGES OR ANY DAMAGES WHATSOEVER, INCLUDING BUT NOT
LIMITED TO CLAIMS ASSOCIATED WITH THE LOSS OF DATA OR PROFITS, WHICH MAY
RESULT FROM AN ACTION IN CONTRACT, NEGLIGENCE OR OTHER TORTIOUS CLAIM
THAT ARISES OUT OF OR IN CONNECTION WITH THE ACCESS, USE OR PERFORMANCE
OF THESE METHODS.
Enzymatic Saccharification of Lignocellulosic Biomass
Laboratory Analytical Procedure #009
1. Introduction
1.1 This procedure describes the enzymatic saccharification of cellulose from native or
pretreated lignocellulosic biomass to glucose in order to determine the maximum
extent of digestibility possible (a saturating level of a commercially available or in
house produced cellulase preparation and hydrolysis times up to one week are used).
2. Scope
2.1 This procedure is appropriate for lignocellulosic biomass. If the biomass is suspected
to have some starch content, dry weight percent cellulose calculated from total glucan
(LAP-002) must be corrected to subtract the starch contribution to total dry weight
percent glucose.
2.2 All analyses shall be performed according to the guidelines established in the Ethanol
Project Quality Assurance Plan (QAP).
3. References
3.l Grohmann, K., Torget, R, and Himmel, M. (1986), Biotech. Bioeng. Symp. No. 17,
135-151.
3.2 Ghose, T.K. (1987), Pure & Appl. Chern., 59, 257-268.
3.3 Stockton, B.C., Mitchell, DJ., Grohmann, K., and Himmel, M.E. (1991), Biotech. Let.,
13,57-62.
3.4 Adney, B. and Baker, J. (1993), Ethanol Project Laboratory Analytical Procedures,
LAP-006, National Renewable Energy Laboratory, Golden, CO, 80401.
3.5 Ehrman, C. I. (1996), Ethnaol Project Laboratory Analytical Procedures, LAP-016,
National Renewable Energy Laboratory, Golden, CO, 80401.
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4. Terminology
4.1 Pretreated biomass - Biomass that has been subjected to milling, chemical treatment
with water or steam, strong or dilute acid or alkali, or other physical or chemical
methods to render the cellulose content of the material more accessible to enzymatic
action.
4.2 Cellulase enzyme - an enzyme preparation exhibiting all three synergistic cellulolytic
activities: endo-l ,4-~-D-glucanase, exo-l ,4-~-glucosidase, or ~-D-glucosidase
activities, which are present to different extents in different cellulase preparations.
5. Significance and Use
5.l The maximum extent of digestibility is used in conjunction with other assays to
determine the appropriate enzyme loading for saccharification of biomass.
6. Interferences
6.1 Test specimens not suitable for analysis by this procedure include acid- and alkaline-
pretreated biomass samples that have not been washed. Unwashed pretreated biomass
samples containing free acid or alkali may change solution pH to values outside the
range of enzymatic activity.
7. Apparatus
7.1 VWR model 1540 incubator set at 50° ± 1°C.
7.2 Cole-Parmer model 7637-20 "Roto-Torque" Fixed Speed Rotator.
7.3 A 24-s10t large-holed test tube rack that can be attached to the "Roto-Torque" Rotator.
7.4 Eppendorf model 5414 microcentrifuge.
7.5 pH meter.
7.6 Analytical balance, sensitive to 0.0001 g.
7.7 Yellow Springs Instrument, Inc., Mode127 Glucose Analyzer or Model 2700 Select
Biochemistry Analyzer.
7.8 Drying oven adjusted to 105°C ± 2°C.
7.9 A 200 J.lLand a 1000 J.lLEppendorf Pipetman pipet with tips.
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8. Reagents and Materials
8.1 Tetracycline (10 mg/ml, in 70% ethanol).
8.2 Cycloheximide (10 mg/mL in distilled water).
8.3 Sodium citrate buffer (O.lM, pH 4.80).
8.4 Cellulase enzyme of known activity, FPU/mL.
8.S -glucosidase enzyme of known activity, pNPGU/mL.
8.6 Solka Floc 200 NF, FCC (microcrystalline cellulose) from Brown Company
with ash, moisture, and xylan contents determined (see Ethanol Project
Laboratory Analytical Procedures, LAP-OOI, -002, and -005).
8.7 Eppendorf Safe-Lock 1.S-mL microcentrifuge tubes.
8.8 20-mL glass scintillation vials equipped with plastic-lined caps.
9. ES&H Considerations and Hazards
9.1 Cycloheximide and tetracycline are hazardous and must be handled with appropriate
care.
9.2 Follow all applicable NREL Laboratory Specific Hygiene Plan guidelines.
10. Procedure
10.1 Total solids must be determined for all cellulose containing samples to be digested
(LAP-OOl).
Note: all lignocellulosic materials which have undergone some aqueous
pretreatment must never undergo any drying whatsoever prior to enzyme
digestibility, since irreversible pore collapse can occur in the micro-structure
of the biomass leading to decreased enzymatic release of glucose from the
cellulose. Additionally, all frozen lignocellulosic materials which are to be
subjected to digestibility tests can not have been frozen for more than one
month prior to analysis, since, depending on the environment, sublimation
could have occurred, leading to possible irreversible collapse of micropores
in the biomass.
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10.2 Weigh out a biomass sample equal to the equivalent of 0.1 g of cellulose on a lOSoC
dry weight basis (the cellulose content of the sample is initially determined as glucose
by LAP- 002, minus the contribution of any starch present, LAP-016) and add to a 20
mL glass scintillation vial. Also, weigh out 0.1 g of the Solka Floc MVS and add to
another vial.
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10.3 To each vial, add 5.0 mL 0.1 M, pH 4.8 sodium citrate buffer.
10.4 To each vial, add 40 ul, (400 Fg) tetracycline and 30 ul. (300 ug) cycloheximide to
prevent the growth of organisms during the digestion.
10.5 Calculate the amount of distilled water needed to bring the total volume in each vial
to 10.00 mL after addition of the enzymes specified in the following step. Add the
appropriate calculated volume of water to each vial. All solutions and the biomass are
assumed to have a specific gravity of 1.000 g/mL. Thus, ifO.200 g of biomass is added
to the vial, it is assumed to occupy 0.200 mL and 9.733 mL ofliquid is to be added.
10.6 Bring the contents of each vial to 50°C by warming in the incubator set at 50° ± 1°C.
To each vial is added an appropriate volume of the cellulase enzyme preparation to
equal approximately 60 FPU/g cellulose and the appropriate volume of J3-glucosidase
enzyme to equal64 pNPGU/g cellulose.
Note: If the rate of enzymatic release of glucose is to be measured, all
contents of the vial prior to the addition of the enzyme must be at 50°C. The
enzymes are always added last since the reaction is initiated by the addition
of enzyme.
10.7 Prepare a reaction blank for the substrate. The substrate blank contains buffer, water,
and the identical amount of substrate in 10.00 mL volume.
10.8 Prepare enzyme blanks for cellulase and J3-glucosidase with buffer, water, and the
identical amount of the enzyme.
10.9 Close the vials tightly and place them in the "Roto-Torque" fixed speed rotator set at
an approximate angle of 45°C that has been placed in the VWR incubator set at 50°C.
Incubate with gentle rotation (68 RPM) for a period of 72 to 168 hours or until the
release of soluble sugars from the sample(s) becomes negligible when measured by
YSI, as described in the next step.
10.10 If the progress of the reaction is to be measured, a 0.3-0.5 mL aliquot is removed at
each predetermined time interval after the vial contents have been well mixed by
shaking. This is accomplished by using a 1.0-mL Eppendorf Pipetman pipet with the
tip of the plastic 1.0-mL tip slightly cut off (to allow solids, as well as liquid, to be
withdrawn into the orifice). The sample is expelled into a 1.5-mL microcentrifuge tube
and centrifuged for 1.5 minutes. The supernatant is subjected to glucose analysis using
the YSI glucose analyzer.
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11. Calculations
11.1 To calculate the percent digestibility of the cellulose added to the scintillation vial,
determine glucose concentration in the centrifuged supernatant by YSl. Subtract the
glucose concentrations, if any, from the substrates and enzyme blanks.
11.2 Correct for hydration (multiply the glucose reading by 0.9 to correct for the water
molecule added upon hydrolysis of the cellulose polymer) and multiply by 10 mL total
volume of assay.
Example: If the glucose analyzer reading (corrected with blanks) is 9.9 mglmL, then
the amount of cellulose digested is:
0.0099 g/ml, x 10 mL x 0.9 = 0.0891 g
11.3 Calculate percent digestion:
% digestion = grams cellulose digested xl 00
grams cellulose added
12. Report
12.1 Report the percent cellulose digested in the sample, to two decimal places, on a 105°C
dry weight basis. Cite the basis used in the report.
12.2 For replicate analyses of the same sample, report the average, standard deviation, and
relative percent difference (RPD).
13. Precision and Bias
13.1 The precision of this protocol has not been defined because it is dependent upon
cellulase source and substrate composition. Not only will different preparations of
cellulase hydrolyze identical substrates to different extents, but different preparations
of pretreated biomass exhibit different amounts of homogeneity.
14. Quality Control
14.1 Reported significant figures: Typically results are reported as percentages, calculated
to two decimal places, along with the standard deviation and RPD. The assay
conditions, specifically digestion time, must be defined when reporting the results.
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14.2 Replicates: It is recommended the samples be run in duplicate to verify reproducibility.
14.3 Blank: Enzyme and substrate blanks are run to correct for glucose contributions other
than that produced by cellulose hydrolysis.
14.4 Relative percent difference criteria: Not defined; dependent on the substrate being
tested. Different preparations of pretreated biomass will exhibit different amounts of
homogeneity, which will influence the extent to which they are hydrolyzed.
14.5 Method verification standard: Solka Floc 200 NF is digested alongside the samples.
Hydrolysis is expected to be in the range of 94.00 - 96.00%.
14.6 Calibration verification standard: Not applicable.
14.7 Sample size: Dependent upon percent dry weight cellulose composition. Typically
between 0.10 and 1.00 grams of sample will be required.
14.8 Sample storage: Pretreated samples should be stored moist, or frozen not longer than
one month.
14.9 Standard storage: Not applicable.
14.10 Standardpreparation: Not applicable.
14.11 Definition of a batch: A batch is defmed as the sample replicates and method
verification standard hydrolyzed with an identical cellulase preparation and incubated
during the same time.
14.12 Control charts: Percent hydrolysis of Solka Floc 200 NF will be charted, use of
different preparations of cellulase enzyme and total hydrolysis time will be noted.
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SSF Experimental Protocols:
Lignocellulosic Biomass Hydrolysis and Fermentation
Laboratory Analytical Procedure
1. Introduction
1.1 Ethanol is a promising alternative fuel which can be produced biologically from a
variety of waste materials such as paper products, com fiber, sawmill waste, straw,
and rice. Ethanol has been made from grapes, barley and potatoes for thousands of
years. The production of ethanol from non-starch, lignocellulosic materials is,
however, a fairly recent development. There are many ways to produce ethanol
from lignocellulosic material. The method discussed here is known as simultaneous
saccharification and fermentation (SSF). It utilizes cellulase enzyme to break down
the cellulose and yeast to ferment the resulting glucose. The ethanol can be blended
with gasoline or used neat in combustion engines. As a fuel, ethanol bums cleaner
than gasoline, is completely renewable, and relatively less toxic to the environment.
2. Scope
2.1 The described protocols have been developed based on the personal experience of
NREL researchers with biomass conversion and may be revised periodically. It is
the sole responsibility of the user of the protocols to obtain updated versions from
the NREL technical monitor. These procedures and their revisions by no means
represent optimal conditions for the described experimentation and are proposed
simply as a means of maintaining consistency. Furthermore, the results may vary
depending on the expertise of the researcher and the quality of the materials
employed in the studies.
2.2 This LAP consists of two separate sub-procedures. The first is "Hydrolysis of
Lignocellulosic Biomass". The second is "Simultaneous Saccharification and
Fermentation of Biomass". This procedure is intended to test a variety of
lignocellulosic substrates and provide a consistent method for their evaluation
among NREL subcontractors. The procedures are intended for raw biomass
substrates or washed, pretreated substrates only i.e. pretreated substrates
containing acetic acid, furfural, and/or other inhibitors of yeast metabolism must be
extensively washed with water to remove these inhibitors prior to the experiments.
2.3 All analyses shall be performed according to the Biofuels Program Quality
Assurance Plan (QAP).
3. References
3.1 NREL Biofuels Program BAT Team Laboratory Analytical Procedure #001,
"Standard Method for Determination of Total Solids in Biomass".
3.2 NREL Biofuels Program BAT Team Laboratory Analytical Procedure #002,
"Determination of Carbohydrates in Biomass by High Performance Liquid
Chromatography" .
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3.3 NREL Biofuels Program BAT Team Laboratory Analytical Procedure #006
"Measurement of Cellulase Activities".
3.4 NREL Biofuels Program BAT Team Laboratory Analytical Procedure #011,
"Determination of Ethanol Concentration in Biomass to Ethanol Fermentation
Supernatants by Gas Chromatography".
3.5 NREL Biofuels Program BAT Team Laboratory Analytical Procedure #013,
"HPLC Analysis of Liquid Fractions of Process Samples for Soluble Sugars".
3.6 NREL Biofuels Program BAT Team Laboratory Analytical Procedure #015,
"HPLC Analysis of the Liquid Fractions of Process Samples for Organic Acids,
Glycerol, HMF, and Furfural".
3.7 T. Vinzant, L. Ponfick, N. Nagle, C. Ehrman, J. Reynolds, and M. Himmel, "SSF
Comparison of Selected Woods from Southern Sawmills." 1994. Applied
Biochemistry and Biotechnology Vol. 45/46 pp 611-626.
3.8 G. Philippidis, T.K. Smith and C. Wyman, "Study of the Enzymatic Hydrolysis of
Cellulose for Production of Fuel Ethanol by Simultaneous Saccharification and
Fermentation Process." 1993. Biotechnology and Bioengineering Vol. 41 pg 846-
853.
4. Terminology
4.1 Saccharification (SAC) or hydrolysis of lignocellulosic biomass: the addition of
enzyme to lignocellulosic biomass which results in the formation of oligomers,
cellobiose and glucose. It is performed under sterile conditions and is also referred
to as digestibility.
4.2 Simultaneous saccharification and fermentation (SSF): a method for producing
ethanol from lignocellulosic biomass in which both enzymatic saccharification of
cellulose by enzymes and fermentation of the resulting sugars by yeast occur at the
same time in the same vessel.
5. Apparatus
5.1 In addition to the equipment described in LAPs 01, 02, 06, 011, 013, and 015 the
following are required for this work.
5.2 An autoclave is necessary for the sterilization of media and flasks both prior to and
after experiments.
5.3 A laminar flow hood or biosafety cabinet is necessary for sterile sampling.
5.4 A -70°C freezer is necessary for the storage of frozen yeast cultures.
5.5 A bench top centrifuge is required for SSF inoculum and sample preparation.
5.6 A shaker incubator is necessary for the SSF's in order to keep the fermentations at
32°C +1- 2°C and 130 rpm.
5.7 Bubble traps, also called gas locks, C02 traps and water traps, are devices which
prevent air from entering the shake flask and at the same time allow carbon dioxide
to escape. They must be autoclavable. One such device is a rubber stopper through
which a glass tube is inserted. A cotton plug is placed in the tube and the tube is
connected to silicone tubing the end of which is submerged in a test tube with H20.
The test tube is taped to the side of the flask. Another device that can be inserted
into a rubber stopper is all glass and has a u-tube filled with water. The carbon
2
dioxide can bubble out, but the water prevents the air from entering. SSF's require
a bubble trap.
5.8 An analytical balance is necessary for accurately measuring out biomass samples
and preparing SSF flasks.
5.9 Cell counting chamber slide (for ex. hemocytometer) for yeast cell counts.
5.10 Microscope capable of 1000 times magnification.
5.11 Autoclavable shake flasks, Morton closures (metal caps), sterile pipets
(disposable with tips that can be broken off conveniently to provide the wide
opening needed for sampling SSF slurries) or 5 mL sterile pipet tips with the ends
cut off.
5.12 Convection oven, with temperature control of 80 ± 3°C, desiccator, and
aluminum foil weighing dishes for inoculum dry cell mass concentration
measurements.
5.13 A glucose analyzer is suggested for rapid analysis of glucose. Manufacturers
include Yellow Springs Instruments.
5.14 IR oven for determining percent dry solids.
5.15 Spectrophotometer for reading optical density at 600 nm.
6. Solutions, Media, and Stock Cultures
6.14 lOX YP medium (liquid)
Yeast extract
Peptone
100 giL
200 giL
Autoclave for 30 minutes at 121°C or filter sterilize through a 0.45 urn or smaller
sterile filter into a sterile receiver.
Yeast Extract, Peptone, Dextrose (YPD) media is a common growth medium for
yeast. It is rich in amino acids, vitamins, and minerals necessary for yeast growth
and fermentation. This complex medium is supplied in excess so that nutrients are
not a limiting factor.
6.15 YPD plates (solid medium)
Yeast extract
Peptone
Dextrose (glucose)
Agar
10 g/L
20 giL
20 giL
20 giL
Heat to dissolve yeast extract, peptone, dextrose and agar in deionized (D!) water.
Adjust to the desired final volume. Autoclave for 30 minutes at 121°C. Cool agar
medium in a water bath set at 50°C. Aseptically pour the plates. Let cool. Store
plates inverted in the refrigerator.
6.16 YP with 5% dextrose medium (liquid)
Yeast extract 10 giL
Peptone 20 giL
Dextrose (glucose) 50 g/L
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Dissolve the components in 01water. Adjust to the desired final volume. Filter
sterilize through a 0.45 urn or smaller sterile filter into a sterile receiver. You can
also make this medium with lOX YP stock solution and sterile 500 giL stock
solution glucose.
lOX YP stock solution 100 mLiL
500 g/L glucose stock solution 100 mLiL
Using sterile technique, pipet the appropriate amount of each stock solution into a
sterile flask. Make up the remaining volume with sterile 01water.
6.17 1.0 M citrate buffer pH 4.8
Citric acid monohydrate
01water
NaOH - add until pH equals 4.3
210 g
750 mL
50 to 60 g
Dilute to 1 L and check pH. If necessary add NaOH until the pH is 4.5.
The I M stock can be frozen in aliquots to store. When the 1 M stock
citrate buffer stock is diluted with water to 50 mM the pH should be
4.8. After diluting the citrate buffer check and adjust the pH if
necessary to pH 4.8.
6.18 Frozen stock culture of Saccharomyces cerevisiae DsA
50 mL sterile 40% glycerol
50 mL culture plate supplied by NREL
Autoclave or filter sterilize a 40% solution of glycerol in DI water. Let cool to
room temperature. Prepare initial inoculum from the plate by transferring culture
into 100 mL of YPD media in a sterile 250 mL flask. Incubate in a rotary shaker at
38°C for 24 hours. Test for pH, glucose, and ethanol. The pH should be between
4.5 and 5.0, glucose should be between 0 and 5 g/L, and ethanol between 8 and 10
g/L. Observe the culture under the microscope for bacterial contamination and
culture purity. Mix the glycerol and inoculum aseptically. Dispense one milliliter
aliquots into sterile cryovials. Place in a -70°C freezer. Each cryovial will have a
standardized number of yeast cells per vial and subsequent SSF inocula should be
prepared using a frozen vial..
Once every six months perform a viability check on the frozen stock. Thaw one
vial. Vortex to resuspend cells. Perform a cell count with a hemacytometer under
the microscope. Then, perform colony forming unit (CFU) tests using YPD plates
by diluting the culture with sterile saline (0.89% NaCI solution) to obtain a spread
plate cell count of 30-300 cells/plate.
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The number of cells on the plate multiplied by the dilution factor gives you the
CFU's/mL. Percent viability is CFU s/mL divided by the hemacytometer countimL.
For example 1.0 x 107 CFU/mL and 1.0 x 108 cells counted/mL gives a viability of
10%. Make a new frozen stock when the % viability drops below 50%. Maintain a
control chart on the viability.
6.19 Liquid cellulase enzyme
Filter sterilize all enzyme upon arrival. Use non-cellulosic based filters such as the
0.45 mm VacuCap 90 from Gelman, product number 4624 made of
polyethersulfone. Nylon and glass pre-filters are also suggested. Store enzyme in
the refrigerator in sterile containers. The activity should be monitored using the
LAP-006, "Measurement of Cellulase Activities". Cellulase activity values should
be used to track enzyme stability over time. A control chart should be created for
this purpose. However, the SSF and SAC loadings need to be based on a consistent
and standardized number, that being the official NREL Filter Paper Units per
milliliter number for that preparation. This standardization allows us to more easily
compare SSF and SAC data obtained from different subcontracts.
7. ES&H Considerations and Hazards
7.1 Follow all applicable NREL Laboratory Specific Hygiene Plan guidelines.
7.2 Treat all biological growths with caution. Do not smell flasks as a method of
checking for contamination. Any contaminant microorganism has the potential of
being a health hazard.
7.3 Avoid breathing dusts of yeast extract by weighing and transferring the solid in a
chemical fume hood. Yeast extract dust can coat the lungs and cause allergic
reactions and/or breathing problems. Dust masks are recommended.
7.4 Autoclave all samples from SSF or SAC or inoculum prior to disposal. Treat
unautoc1aved glassware, etc., with a 1% Chlorox or 30% hydrogen peroxide
solution to kill organisms prior to washing.
8. Procedure for the Hydrolysis of LignocellulosicBiomass (SAC)
8.1 The goal of this procedure is to test pretreated or raw biomass substrates by
determining the initial hydrolysis rate during saccharification (SAC) catalyzed by
cellulase enzymes. Microorganisms are not employed in this experiment.
8.2 The pretreated substrate must be washed to remove the residual glucose and
inhibitors before loading the flasks. Generally, it takes 12 wash volumes to remove
the glucose to less than 0.1 g/L glucose. A typical way of washing the solids is to
centrifuge in two weight volumes. Decant the water and repeat five more times.
Monitor the glucose in the wash water with the YSI analyzer until the glucose falls
below 0.1 giL.
8.3 Determine the total solids of the washed substrate using the IR oven. This value
will be used to calculate the amount of washed solids to add to each flask.
8.4 Load each SAC flask with 1% w/w cellulose, 1% w/v yeast extract. 2% w/v
peptone, 0.05 M citrate buffer (PH 4.8) and cellulase enzyme at the desired loading.
Shake flasks should have a 2:5 medium to flask volume ratio and a stopper or
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Morton closure. It is recommended that all SAC flasks have a 1% w/w effective
cellulose content but other cellulose loadings can be tested. Lower cellulose
loadings minimize feedback inhibition from the glucose released.
8.5 Based on the washed biomass moisture content (LAP-OO1) and cellulose content
(LAP-002) data, determine the quantity of biomass needed. Do not dry pretreated
biomass that will be enzymatically saccharified. Once dry the pores of the
biomass may irreversibily collapse. Weigh the correct amount of biomass and DI
water into the flask. Record the actual amount of substrate weighed into each flask
to at least the nearest one-hundredth of a gram. Depending on the amount of
biomass added, the volume of enzyme might need to be adjusted.
Example: 0.5263 g of alpha-cellulose is the weight needed based on the
calculation for a 50 gram working weight and 95% total solids. 4.167 grams is
the weight needed of a pretreated wood with a 60% cellulose content (LAP-002)
and a 20% total solids content (LAP-OO1) in a final working weight of 50 grams.
8.6 Add the cap, autoclave tape, label, etc. to the flask. Weigh the filled and capped
flask to the nearest one-hundredth of a gram and record this weight as pre-
autoclave. Repeat for each flask.
8.7 Since all the work up to this point has not been done aseptically, autoclave the
flasks as soon as possible. Autoclave at 121°C for 30 minutes. Let flasks cool to
room temperature. Re-weigh each flask to the nearest one-hundredth of a gram and
add back lost weight as mL of sterile DI water.
8.8 Based on the filter paper activity of the cellulase enzyme (FPU/mL), the desired
enzyme loading and the amount of cellulose added, calculate the amount of enzyme
needed for each flask Refer to LAP 006 for measuring cellulase activities. Use the
official NREL FPU/mL for the reference cellulase enzyme preparation.
Enzyme loading is the most critical factor affecting rates and yields. More accurate
addition of the enzyme can be obtained if it is diluted in YP and citrate buffer. Do
not store the enzyme in diluted form for over one day.
8.9 Each experiment should include an appropriate control using a reference pretreated
substrate and reference cellulase enzyme loaded at a standard level. If a reference
pretreated biomass substrate is not available, use alpha-cellulose or another
commercially available form of cellulose. (NREL's current reference pretreated
substrate is a washed pretreated yellow poplar sawdust from PDU run #
P980302SD condition #7 or #2 and the reference cellulase enzyme preparation is
commercial CPN cellulase loaded at a level of 10 or 15 FPU/g cellulose.) All SACs
should be performed in duplicate. Control charts should be set up to plot the
cellulose conversion (or glucose production) yields from a standardized final time
point (typically 168 hours).
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8.10 An example of a SAC flask recipe is as follows:
4.167 g pretreated wood (1% w/w cellulose, substrate has a 60% cellulose
content and a 20% total solids content)
0.23 mL NREL-supplied cellulase enzyme 25 FPU/g cellulose loading
(55 FPU/mL)
5.0 mL lOX YP solution
2.5 mL 1M citrate buffer (pH 4.8)
38.13 mL DI water (50 - 0.23- 5 - 2.5-4.167)
50.0 grams total (working weight)
8.11 In a laminar flow hood aseptically add the YP, citrate and enzyme mixture.
8.12 Mix the flasks by swirling. Aseptically take a time zero slurry sample. (see step
8.15).
8.13 Incubate the flasks in a rotary shaker at 130 rpm (agitation for other vessels will
depend on the working and total volume of the SAC flask. The process being
evaluated, including the cellulase enzyme(s) being used, should guide the selection
of the incubation temperature. When using CPN enzyme, it is not recommended to
use incubation temperatures above 50°C.
8.14 Repeat steps 8.11-8.13 with the other flasks. Start each flask individually and note
the time of completion for first and last flasks.
8.15 Appropriate sampling times are 0, 3, 6,24,48,72, and 168 hours. Break off the end
of a sterile 5 mL pipet and take 3 mL slurry samples aseptically. Store in capped
tubes/vials. Place the samples on ice until all the samples of that specific time point
have been collected. Place the capped tubes/vials in a boiling water bath for exactly
5 minutes to inactivate the enzyme. Chill on ice.
8.l6 Centrifuge and filter to remove denatured enzyme and lignocellulosic biomass.
Determine the amount of glucose present in each supernatant sample by YSI or
HPLC (LAP-013). Measure the concentration of cellobiose by HPLC (LAP-013)
for at least 3 of the time-points. If the analysis will be done later, freeze the
supernatant in sealed HPLC glass vials.
8.17 For the last time point make samples for YSI and HPLC as in step 8.15-8.16. In
addition, streak a sample from each flask or vessel on a YPD plate to check for
contamination by any microorganism. Observe, under the microscope, a sample of
the slurry for the presence of contaminants. Report the final slurry pH of each flask
or vessel.
8.18 All test tubes and flasks containing cultures or samples should be autoclaved prior
to disposal. All other items (e.g. pipettes, syringes) that come into contact with the
culture should be placed in containers of biocidal solutions before sterilization and
reuse or disposal. Contaminated pipette tips and micro centrifuge tubes should be
autoclaved before disposal.
8.19 Autoclave the residual hydrolysis material, making sure that the stoppers are loose
enough to allow ventilation. Ensure that fermentors can ventilate freely. Sterilized
liquids may be discharged down the drain after the solids are removed and thrown
in the trash.
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8.20 Calculate the glucose yield as % of the theoretical yield (% digestibility) by using
the following formula:
where:
%Yield = [Glucose] + 1.053 [Cellobiose] X 100%
1.111 f (Biomass]
[Glucose] Residual glucose concentration (g/L)
(Make sure any glucose carried over with the
enzyme is subtracted from the residual glucose)
Residual cellobiose concentration (g/L)
Dry biomass concentration at the beginning of the
fermentation (giL)
Cellulose fraction in dry biomass (gig)
[Cellobiose]
[Biomass]
f
The multiplication factor, 1.053, converts cellobiose to equivalent glucose.
8.21 Graph and/or tabulate the collected data (glucose and cellobiose concentration vs.
time) for each experiment.
8.22 Quality Control
8.22.1
8.22.2
8.22.3
8.22.4
8.22.5
8.22.6
8.22.7
8.22.8
8.22.9
8.22.l0
8.22.11
Reported significantfigures: Report % digestibility to one decimal place.
Replicates: At least duplicate flasks.
Blank: Include a flask with only the medium and enzyme to determine
how much, if any, glucose comes from the enzyme and medium.
Relative percent difference criteria: 5% digestibility within one set of
flasks run at the same time, by the same person, in the same shaker, with
the same analytical instrument.
Quality Assurance Standard: Use a well-characterized standard material
(i.e., one which has known digestibility characteristics) to confirm (or
quantify) the degree of experiment-to-experiment reproducibility.
Currently NREL is using washed pretreated yellow poplar sawdust from
P980302SD run #7 or #2 with CPN. Sigma alpha-cellulose can also be
used as a control. The moisture content of alpha-cellulose needs to be
measured every 3 months because it is hydroscopic.
Calibration verification standard: None.
Sample size: See flask preparation instructions.
Sample storage: Store liquor samples in the freezer if the analysis is not
going to be carried out within a day.
Standard storage: Pretreated sawdust is refrigerated. Washed pretreated
sawdust can also be stored for several months at 4°C. A dry solids
analysis should be done on stored sawdust prior to use. Alpha-cellulose is
considered dry biomass and can be stored at room temperature.
Standard preparation: None.
Definition of a batch: Flasks started at the same time with one set of
alpha-cellulose controls.
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8.22.12 Control charts: % digestibility and rate of digestibility from controls. See
8.22.14.
8.22.13 Sterility verification: In all flasks, the final pH should be 5.0 ± 0.2, no
microbes should be detected by microscope or plate checks. Flasks that
did not remain sterile must be repeated.
8.22.14 Enzyme activity: Measure enzyme activity using LAP-006, (Measurement
of Cellulase Activities) every 6 months. Include the 1:20 diluted CPN as a
positive control when measuring FPU activity. Tabulate and make a
control chart. Again, use the official NREL number for the SAC.
9. Procedure for Simultaneous Saccharification and Fermentation (SSF)
9.1 Inoculum preparation
9.1.1 The goal of this procedure is to prepare a seed culture for SSF. An aerobic
fermentation of glucose is used to produce yeast cell mass.
9.1.2 Prepare the sterile inoculum flask with YP and 5% w/v glucose. Keep a
1:5 working volume to total flask volume ratio. Use a baffled flask with a
Morten cap.
9.1.3 Inoculate the YPD flask with one thawed stock vial of Saccharomyces
cerevisiae D5A. Incubate for 10-14 hours in a rotary incubator shaker
operating at the SSF operating temperature and 130 rpm. The required
incubation time depends on the incubation temperature, with shorter
incubation times permissible at higher incubation temperatures.
9.1.4 Before transferring, check microscopically for contamination and analyze
for residual glucose concentration. The culture can be transferred once the
glucose falls below 2 g/L. Optimally, there should be some residual
glucose to ensure cells are still in the growth phase. Take an optical
density (O.D.) at 600 nm. Keep the O.D. value below 0.800 by diluting
with water when appropriate. Multiply O.D. reading by any dilution
factor. Check pH and perform DCM (dry cell mass) analysis (optional).
Prepare samples from the inoculum flask for HPLC and GC analysis
before transferring to the SSF flasks.
9.1.5 Create an inoculum control chart with the final O.D., pH, ethanol, DCM
(optional), and glucose concentrations for each inoculum.
9.1.6 At time of transfer determine the amount of culture needed to inoculate
. (SSFvol.(mL)XO.5) ( )Total vol. from mac . flask (mL) =. x number of SSF flasks + 1
moc.o.D.lf
your SSF flasks for a starting O.D. of 0.5.
Spin the inoculum down in a table top centrifuge (an example of
conditions is 4500 rpm for 5 minutes). Decant supernatant. Resuspend in
sterile deionized water and spin again. Resuspend cells in 1/1Otil of the
volume of water. This will be the inoculum for the SSF flasks
concentrated lOX.
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9.2 Determine the Inoculum Dry Cell Mass Concentration (optional)
9.2.1 The goal is to measure the dry cell mass concentration from the inoculum.
9.2.2 Dry aluminum dishes in the oven at 80°C overnight.
9.2.3 Cool the dishes in a desiccator for 30 minutes.
9.2.4 Record each dish weight to four decimal places usmg an analytical
balance.
9.2.5
9.2.6
9.2.7
9.2.8
9.2.9
9.2.10
Using a sterile pipet, take a 10-mL inoculum sample, centrifuge, and wash
the cell pellet twice with 10 mL of DI water (2 volume wash). After the
second wash and centrifuge cycle, resuspend the pellet in 5 mL of 01
water.
Transfer pellet by repeated vortex washes with 01 water to a weighed dish.
Dry the dishes and cells in the oven at 80°C overnight.
Cool the dishes in the desiccator for 30 minutes.
Record the weight of the dishes plus dried cells.
Calculate the dry cell mass concentration of the inoculum in giL by using
the following formula:
DCM = weight of dish plus dried cells - weight of dish
0.01 L
9.3 Procedure for the Simultaneous Saccharification and Fermentation of Biomass
9.3.1 The goal of this procedure is to assess the conversion of lignocellulosic
biomass into ethanol using the SSF process. This procedure is almost
identical to the saccharification protocol differing only in the following
ways: (1) yeast is used to convert the glucose into ethanol, (2) cellulose
content is higher at 6% w/w, (3) bubble traps are used to maintain
anaerobic conditions and (4) carbon dioxide, ethanol, glycerol, lactic and
acetic acid are formed and residual glucose and cellobiose levels remain
low.
9.3.2. The pretreated substrate must be washed to remove the residual glucose
and inhibitors before loading the flasks. Generally, it takes 12 wash
volumes to remove the glucose to less than 0.1 g/L glucose. A typical
method of washing the solids is to weigh the wet (but dewatered) solids,
then add water at twice the weight of the wet solids. Mix the water and
solids well, then centrifuge at settings that will create a packed pellet.
Decant the water and repeat five more times. Monitor the glucose in the
wash water with the YSI analyzer until the glucose falls below 0.1 g/L.
9.3.3 Determine the total solids of the washed substrate using the IR oven. This
value will be used to calculate the amount of washed solids to add to each
flask.
9.3.4 Load each SSF flask with 6% w/w cellulose, 1% w/v yeast extract, 2%
w/v peptone, 0.05 M citrate buffer (PH 4.8), cellulase enzyme at the
desired enzyme loading and DsA inoculum (starting 0.0. 0.5).. Shake
flasks should have a 2:5 culture volume to flask volume ratio and should
be equipped with water traps. If the flasks do not mix well at 6% w/w
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cellulose then lower the cellulose to a point where there is good mixing (3-
5% w/w cellulose). A spreadsheet is available to simply the calculation of
flask addition amounts.
9.3.5 Determine the amount of biomass needed for each SSF flask based on the
biomass moisture and cellulose content. Do not dry pretreated biomass
that will be enzymatically saccharified. Once dry, the pores within the
biomass may irreversibly collapse. Weigh the correct amount of biomass
and DI water into the flask. Record the actual amount of substrate weighed
into each flask to at least the nearest one-hundredth of a gram. Depending
on the amount of biomass added, the volume of enzyme might need to be
adjusted. Use the spreadsheet for calculating the enzyme loading.
9.3.6 Add a water trap, autoclave tape, label etc. to flask (do not place any water
in the traps at this time.) Weigh the whole flask assembly to the nearest
one-hundredth of a gram and record this weight as pre-autoclave. Repeat
for each flask.
9.3.7 Since all the work up to this point has not been done aseptically, autoclave
the flasks or vessels as soon as possible. Autoclave at 121QC for 30
minutes. Increase autoclave times to accommodate large loads or large
volumes of media. Make sure the vessels can ventilate freely. After
autoc1aving, let the flasks cool to room temperature. Then, re-weigh each
flask assembly to the nearest one-hundredth of a gram and add back lost
weight as mL of sterile 01water.
9.3.8 Based on the filter paper activity of the cellulase enzyme (FPU/mL), the
desired enzyme loading and the amount of cellulose added, calculate the
amount of enzyme needed for each flask. Refer to LAP 006 for measuring
cellulase activities. Use the official NREL FPU/mL for the NREL
reference enzyme preparation. Enzyme loading is the most critical
factor affecting rates and yields. More accurate addition of concentrated
commercial enzymes can be obtained if the enzyme is first diluted in the
YP and citrate buffer before adding to the flasks.
9.3.9 Each experiment should include an appropriate control using a reference
pretreated substrate and reference cellulase enzyme loaded at a standard
level. If a reference pretreated biomass substrate is not available, use
alpha-cellulose or another commercially available form of cellulose.
(NREL's current reference pretreated substrate is a washed pretreated
yellow poplar sawdust from PDU run # P980302SD condition #7 or #2
and the reference cellulase enzyme preparation is commercial CPN
cellulase loaded at a level of 10 or 15 FPU/g cellulose.) All SSF should be
performed in duplicate. A control chart should be set up to plot the
cellulose conversion (or ethanol production) yields from a standardized
final time point (typically 168 hours).
9.3.10 Often, commercial enzyme preparations contain stabilizers like sucrose
that can be used by the yeast to produce ethanol. To determine how much
ethanol is made from just the enzyme and medium, a control with each
enzyme preparation to be tested and all the medium components except
the pretreated substrate is included. Usually the flask is loaded with the
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highest amount of enzyme used in the tests. The amount of ethanol
produced per mL of enzyme IS determined then subtracted from the
ethanol produced in the SSF flasks to estimate the amount of ethanol
produced from the hydrolyzed cellulose.
9.3.11 Below is an example of how an excel spreadsheet can be used to calculate
flask components and volume additions.
Desired Desired Actual Actual Desired
Sample Glucan Glucan Total Sample Sample Glucan Cellulase
Flask Size Loading Loading Solids Glucan Needed Loaded Loaded Loading
Descri~tion Number (9) (%) (9) (%) (dwt%) (9) (9) (9) (FPU/9)
#2 Solids 5 IU's 1 100 6.00 6.00 24.90 60.73 39.68 39.68 6.00 5.00
#2 Solids 5 IU's 2 100 6.00 6.00 24.90 60.73 39.68 39.68 6.00 5.00
#2 Solids 10 IU's 3 100 6.00 6.00 24.90 60.73 39.68 39.68 6.00 10.00
#2 Solids 10 IU's 4 100 6.00 6.00 24.90 60.73 39.68 39.68 6.00 10.00
#2 Solids 15 lu's 5 100 6.00 6.00 24.90 60.73 39.68 39.68 6.00 15.00
#2 Solids 15 IU's 6 100 6.00 6.00 24.90 60.73 39.68 39.68 6.00 15.00
#2 Solids 20 IU's 7 100 6.00 6.00 24.90 60.73 39.68 39.68 6.00 20.00
#2 Solids 20 IU's 8 50.00 6.00 3.00 24.90 60.73 19.84 19.84 3.00 20.00
#2 Solids 25 IU's 9 100 6.00 6.00 24.90 60.73 39.68 39.68 6.00 25.00
#2 Solids 25 IU's 10 100 6.00 6.00 24.90 60.73 39.68 39.68 6.00 25.00
#7 Solids 101U's 11 100 6.00 6.00 24.31 60.84 40.57 40.57 6.00 10.00
#7 Solids 25 IU's 12 100 6.00 6.00 24.31 60.84 40.57 40.57 6.00 25.00
Control 13 100 0.00 0.00 0.00 0.00 0.00 0.00 0.00 25.00
1M Weight Error Weight
Cellulase Citrate YP 10x Inoculum Water Before In Water After Water
Flask Added Buffer Stock 10x to Add Autoclave Volume Autoclave Correction
Descri~tion Number (mL) (mL) (mL) (mL) (ml) (9) (+ I-H9) (9) (9)
#2 Solids 5 IU's 1 0.55 5.00 10.00 1.00 43.78 244.79 0.06 241.87 2.86
#2 Solids 5 IU's 2 0.55 5.00 10.00 1.00 43.78 236.41 0.00 233.25 3.16
#2 Solids 10 IU's 3 1.09 5.00 10.00 1.00 43.23 228.90 0.10 225.65 3.15
#2 Solids 10 IU's 4 1.09 5.00 10.00 1.00 43.23 263.45 0.04 259.86 3.55
#2 Solids 15 lu's 5 1.64 5.00 10.00 1.00 42.69 254.12 1.62 250.84 1.66
#2 Solids 15 IU's 6 1.64 5.00 10.00 1.00 42.69 253.68 0.12 250.60 2.96
#2 Solids 20 IU's 7 2.18 5.00 10.00 1.00 42.14 218.42 0.00 215.15 3.27
#2 SolidS 20 IU's 8 1.09 2.50 5.00 0.50 21.07 223.32 0.06 221.03 2.23
#2 Solids 25 IU's 9 2.73 5.00 10.00 1.00 41.59 247.48 -0.03 244.27 3.24
#2 Solids 25 IU's 10 2.73 5.00 10.00 1.00 41.59 247.71 0.04 244.90 2.77
#7 Solids 1DIU's 11 1.09 5.00 10.00 1.00 42.34 241.05 0.21 237.82 3.02
#7 Solids 25 IU's 12 2.73 5.00 10.00 1.00 40.70 245.92 0.30 242.72 2.90
Control 13 2.73 5.00 10.00 1.00 81.27 226.85 0.00 222.39 4.46
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9.3.12 In a laminar flow hood aseptically add to the first flask or vessel:
(a) Water lost from autoclaving the flasks.
(b) YP and citrate buffer if enzyme is not going to be mixed with
medium components
(c) lOX concentrated inoculum to achieve O.D. ofO.5 @ 600nm
(d) Final addition is the enzyme, either alone or diluted, in the YP
and citrate buffer.
9.3.13 Mix contents well. Break off the end of a 5 mL pipet and take at least a 4
mL sample of the slurry. Store in capped tubes/vials and chill on ice. Take
0.5 mL for a pH sample. Centrifuge, collect and filter the supernatant
from the rest of the sample. Analyze for glucose and cellobiose (LAP-
013), glycerol, lactic acid, and acetic acid (LAP-015) by HPLC, and
ethanol (LAP-O 11) by GC. YSI glucose readings are also taken at each
sample point. If the analysis will be done later, freeze the filtered
supernatant in HPLC/GC glass vials.
9.3 .14 Add water to the waterlbubble traps of the flasks and incubate the flasks in
a shaker at 130 rpm (agitation for other vessels will depend on the volume
of the SSF). The incubation temperature will depend upon your process.
However, the upper temperature limit for DsA yeast in an SSF is 38°C.
(Note: NREL has often operated the SSF tests at 32°C to estimate the level
of integrated process performance that would be achieved using an
adapted variant of Zymomonas mobilis exhibiting a temperature optimum
of 32°C.)
9.3.15 Repeat with the other flasks. Start each flask separately and record the
time of completion for first and last flasks.
9.3.16 Appropriate sampling times are 0, 4-8, 24, 48, 72, 96, 120, 144, and 168
hours. Break off the end of a 5 mL pipet and take at least a 4 mL sample
of the slurry. Store in capped tubes/vials and chill on ice. Take 0.5 mL of
the sample for pH analysis. Centrifuge, collect and filter the supernatant
from the rest of the sample. Analyze for glucose and cellobiose (LAP-
013), glycerol, lactic acid, and acetic acid (LAP-015) by HPLC, and
ethanol (LAP-O 11) by GC. YSI glucose readings are also taken at each
sample point. If the analysis will be done later, freeze the filtered
supernatant in HPLC/GC glass vials.
9.3.17 For the last time point make samples for YSI, GC and HPLC. In addition,
streak a sample from each SSF flask or vessel on a YPD plate. Plates
should show viable yeast with no contaminant organisms. Observe slurry
under the microscope for presence of biomass fibers and yeast cells. The
presence of foreign organisms is cause for repeating the SSF. Read and
record the slurry pH of each flask or vessel. Final pH should be 5.0 ± 0.7.
Drop in pH to less than 4.0 is cause for repeating the SSF. If possible,
perform compositional analysis (LAP-002) of the SSF residue and close
mass balance.
9.3.18 All test tubes and flasks containing cultures or samples should be
autoclaved prior to disposal. All other items (e.g. pipettes, syringes) that
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come into contact with the culture should be placed in biocide solution
before washing, reuse and/or disposal.
9.3.19 Autoclave the residual SSF material, making sure that the bubble traps are
dry, so that the flasks can ventilate. For fermentors, ensure that they can
ventilate freely. Sterilized liquids may be discharged down the drain after
the solids (biomass, dead yeast cells, and denatured enzyme) are removed
and thrown in the trash.
9.3.20 Calculate the % theoretical ethanol yield or % cellulose conversion by
using the following formula:
% Cellulose Conversion = [EIOH} f - [EIOH } 0 X 100%
0.51 (I [Biomass) 1.111)
where:
[EIOH]r
1.111
Ethanol concentration at the end of the fermentation
(g/L) minus any ethanol produced from the enzyme
and medium
Ethanol concentration at the beginning of the
fermentation (giL) which should be zero
Dry biomass concentration at the beginning of the
fermentation (giL)
Cellulose fraction of dry biomass (gig)
Conversion factor for glucose to ethanol based on
stoichiometric biochemistry of yeast
Converts cellulose to equivalent glucose
[EIOH}o
[Biomass]
1
0.51
9.3.21 Report, graph, and/or tabulate information about each experiment
including:
• Any observations about the experiment (e.g. foaming, color, etc.).
• Any deviations from the standard protocol.
• Rate of % theoretical cellulose conversion
• 7-day cellulose conversion as a function of enzyme loading
• If possible, residual concentration of glycerol and other
metabolites.
• Final pH of the SSF.
• Contamination assessment and description of the morphology
(shape, color, size, and texture) of the colonies appearing on the
plates, including S. cerevisiae DsA.
9.4 Quality Control
9.4.1 Reported significant figures: Report % theoretical yield to one decimal
place.
9.4.2 Replicates: At least duplicate flasks.
9.4.3 Blank: Enzyme control flasks to determine the amount of ethanol
produced from the various enzyme preparations.
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9.4.4
9.4.5
9.4.6
9.4.7
9.4.8
9.4.9
9.4.10
9.4.11
9.4.12
9.4.13
9.4.14
Relative percent difference criteria: 5% yield within one set of flasks run
at the same time, by the same person, in the same shaker, with the same
analytical instrument.
Quality Assurance Standard: Use a well-characterized standard material
(i.e., one which has known digestibility characteristics) to confirm (or
quantify) the degree of experiment-to-experiment reproducibility.
Currently NREL is using washed pretreated yellow poplar sawdust from
P980302SD run #7 or #2 with CPN at 10 or 15 ill's. Sigma alpha-
cellulose can also be used as a control. The moisture content of alpha-
cellulose needs to be measured every 3 months because it is hydroscopic.
Calibration verification standard: None.
Sample size: Not applicable.
Sample storage: Store liquor samples in the freezer if the analysis is not
going to be carried out within a day.
Standard storage: Pretreated sawdust is refrigerated. Washed pretreated
sawdust can also be stored for several months at 4°C. A dry solids
analysis should be done on stored sawdust prior to use. Sigma alpha-
cellulose can be stored at room temperature.
Standard preparation: None.
Definition of a batch: Flasks started at the same time by the same
researcher.
Control charts: Make a control chart of 7-day cellulose conversion as a
function of CPN enzyme loading for the washed pretreated yellow poplar
and compare to database results. Chart the rate of digestibility over the
seven days at the targeted CPN enzyme loading and also compare to
database results. If alpha-cellulose is to be used, create a separate control
chart of the SSF results. Make inoculum control chart, enzyme activity
control chart, frozen stock viability control chart.
Other: Verification of a pure DsA culture--all flasks--final pH should be
5.0 +/- 0.7, no microbes other than DsA should be detected by microscope
or plate checks. Contaminated flasks need to be repeated.
Enzyme activity: Measure enzyme activity using LAP-006, (Measurement
of Cellulase Activities) every 6 months. Include the 1:20 diluted CPN as a
positive control when measuring FPU activity. Tabulate and make a
control chart. Again, use the official NREL number for the SSF. Enzyme
loading is the most critical factor in rates and yields of ethanol production
via SSF.
15
Appendix 1
Control chart and data for NREL's reference pretreated substrate, washed pretreated yellow
poplar sawdust from PDU run # P980302SD condition #7 and CPN commercial cellulase loaded
at 15 FPU/g cellulose.
Table 1. Compilation of SSF Data - CPN at 15 FPU/g cellulose - Pretreated Yellow Poplar from P980302SD Condition #7
Wood
% ethanol yield (cellulose digestibility)
Solids Prolein Average 7 Sid. Dev.
Loading FPU Soluble Loading Enzyme 7 Day% Day% 7 Day%
(%w/w Loading Prolein (mg>30kDI lot or Theoret. Theoret. Theoret.
cellulosic (IU/g (giL 9 Solids EtOH EIOH EtOH
Exe·# Flask # Enz~me T~ee
solids! cellulose! >30kD! cellulose! Source Beta-G Processina Lot Yield Yield Yield
9902 7 Commercial Enzyme CPN 6 15.0 2.6 43.33 commercial none filtered Solids 7 69.52
9903 10 Commercial Enzyme CPN 6 15.0 2.6 43.33 commercial none filtered Solids 7 65.42
0008 7 Commercial Enzyme CPN 6 15.0 2.6 43.33 commercial none filtered Solids 7 59.80
0014 6 Commercial Enzyme CPN 6 15.0 2.6 43.33 commercial none filtered Solids 7 56.16
0021 13 Commercial Enzyme CPN 6 15.0 2.6 43.33 commercial no filtered Solids 7 69.65
0021 14 Commercial Enzyme CPN 6 15.0 2.6 43.33 commercial no filtered Solids 7 69.00
0021 15 Commercial Enzyme CPN 6 15.0 2.6 43.33 commercial no filtered Solids 7 67.55
0024 7 Commercial Enzyme CPN 6 15.0 2.6 43.33 commercial no filtered Solids 7 63.50 65.07 4.96
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Supplementary to Chapter 4; Results and critical analysis
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Figure 23. Enzymatic hydrolysis (CBHlEGL) in the absence of microwave irradiation (NC-MW)
Experimental conditions of IOgll biomass (a-cellulose), 50°C, 300rpm agitation, CBH loading of 60FPU/g cellulose, absence ~f BGL. .
Analysis through RI-HPLC with REZEX ROA as descnbed previously. Data presented as grams per litre by breakdown constituent. (File
ref; 2011-07-07 - Cellulase hydrolysis at OOOW - CBH EGL - complete repeat.xlsm)
42
NC-MW EGL/CBHJBGL
10
2
9
8
7
6
~
_; 5
=e
U
4
3
o 20 40 60 80 100 120 140 160 180
Time (hours)
~DP4+ ~DP3 ...... DP2 ~Glucose _Xylose
Figure 24. Enzymatic hydrol~sis (EGLlCBHlBG~) in the absence of microwave irradiation
Experimental condItIOnsof I Og/l biomass (a-cellulose), 50 C, 300rpm agltatl~n, CBH loading of 60FPU/g cellulose, BOL loading of
I680BUlg cellulose. Analysis through RI-HPLC with REZEX ROA as described previously. Data presented as grams per litre by
breakdown constituent (File ref; 2011-01-25 - Cellulase hydrolysis at OOOW- CBH EO! BOL.xlsx).
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Figure 25. Comparison of percentage saccharitication with EGL/CBH and EGLlCBHlBGL
Oraph illustrating the ~acchanficatlOn rate of the two ~Icrowave negative controls with the incidence of EOVCBH with and without the
presence of BOL. Initial rate (first 24 hours) shown (FIle ref; 2011-06-30 - Comparative EGL-CBH to EGL-CBH-BOL.xlsx).
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Figure 26. Influence of microwave irradiation on substrate (Cellulose)
Graphical representation of the chromatograms shown in Error! Reference source not found .. (File ref; 2011-06-01 - NC-E
Enzyme negative control.xlsx)
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Figure 27. Determination of enzyme activity after microwave exposure determined by a modified NRELffP-510-
42628
(File ref; 2011-06-01 - NC-E Enzyme negative control.xlsx)
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Figure 28. Glucose production in varying microwave power
conditions; 10g/1 biomass (a-cellulose), SO°C, 300rpm agitation, CBH loading of 60FPU/g cellulose, absence of BGL. Analysis through
RI-HPLC with REZEX ROA as described previously. Data presented as grams per litre by breakdown constituent (glucose). (File ref;
2011-03-01 - Accumilated data O-ISOW - CBH EGL (with replaced negative control).xlsm)
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Figure 29. Cellobiose production with variable microwave power irradiance.
Conditions; 10gii biomass (a-cellulose), SO°C, 300rpm agitation, CBH loading of60FPU/g cellulose, absence ofBOL. Analysis through
RI-HPLC with REZEX ROA as described previously. Data presented as grams per litre by breakdown constituent (cellobiose). (File ref;
2011-03-01 - Accumilated data O-ISOW - CBH EOL (with replaced negative control).xlsm)
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Figure 30. Sum~ary of results- % ~acchariticatio~ by microwave irradiation (EGL/CBHlBGL) .
conditions; lOg/l biomass (a-cellulose), 50 C, 300rpm agnation, CBH loading of 60FPU/g cellulose, absence of BGL. AnalYSIS through
RJ-HPLC with REZEX ROA as described previously. Data presented as percentage of material hydrolysed per unit of time against power
of microwave irradiation. (File ref; 2011-03-0 I - Accumilated data 0-150W - CBH EGL (with replaced negative control).xlsm)
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BP. 2.1.2 - Variation by biomass
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Figure 31. Glucose evolution through the hydrolysis of cellulose by EGL, CBH and BGI with variable microwave
irradiation
Conditions; 10gil biomas (a-cellulose), 50°C, 300rpm agitation, CBH loading of 60FPU/g cellulose, BGL loading of l68GBU/g cellulose.
Analysis through RI-HPLC with REZEX ROA as described previously. Data presented as grams per litre by breakdown constituent
(glucose). (File ref; 2011-07-18 - Accumilated data 0-75W CBH+BGL.xlsm)
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Figure 32. Cellobiose evolution through the hydrolysis of cellulose by EGL, CBH and BGL with variable microwave
irradiation
Conditions; IOgll biomass (a-cellulose), 50°C, 300rpm ~gitation,CBH loading of60FPU/g cellulose, BOL loading of l680BU/g cellulose.
Analysis through RI-HPLC with REZEX ROA as descnbed previously. Data presented as grams per litre by breakdown constituent
(cellobiose). (File ref; 2011-07-18 - Accurnilated data 0-7SW CBH+BGL.xlsm)
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Figure 33. % saccharification of cellulose with EGL, CBH and BGL with variable microwave irradiation
(EGLlCBHlBGL)
Conditions; 10gli biomass (a-cellulose). 50°C. 300rpm agitation. CBH loading of 60FPU/g cellulose. BOL loading of I680BU/g cellulose.
Analysis through RI-IIPLC with REZEX ROA as described previously. Data presented as percentage of material hydrolysed per unit time
again t power of microwave irradiation. (File ref; 2011-07-18 - Accumilated data 0-7SW CBH+BOL.xlsm)
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Figure 34. Cellobiose catalysis with BGL - Initial and repeated values for glucose and cellobiose
Edited graph to show the overlay of the initial experiment of cellobiose with BOL to the developed cellobiose-BOL protocol. Particular not
is the progression of conversion in the initial experiment where the sampling was at a 60 minute interval over the 600 minute time frame.
Where the catalytic rate is at its greatest, only 2 data points cover the reaction. Development of the protocol by increasing sampling rate (lO
minute interval) and reducing total experiment time (120 minutes) shows greater detail in the initial rate of reaction. (File ref; 2011-09-14 -
Cellobiose hydrolysis at OOOW combined NC - BOL.xlsm)
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Figure 35. Regression of cellobiose concentr~tion .
Cellobiose reduction plotted as a natural log against time. (FIle ref;
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Figure 36. Lineweaver-Burk plot of cellobiose [s] conversion
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Figure 37. Lineweaver-Burk plot of cellobiose [s] conversion
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Figure 38. Glucose evolution through the hydrolysis of cellobiose by BGI with variable microwave irradiation
Conditions; lOg/l biomass (cellobiose), 50°C, 300rpm agitation, SOL loading of 1680SU/g cellobiose. Analysis through RI-HPLC with
REZEX ROA as described previously. Data presented as grams per litre by breakdown constituent (glucose). (File ref; 2011-07-18-
Accumilated data 0-75W CBH+SOL.xlsm)
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Figure 39. Glucose evolution through the hydrolysis of cellobiose by BGI with variable microwave irradiation
Conditions; 10gli biomass (cellobiose), 50°C, 300rpm agitation, BGL loading of 168GBU/g cellobiose. Analysis through RI-HPLC with
REZEX ROA as described previously. Data presented as grams per litre by breakdown constituent (glucose) ..(File ref; 2011-07-18 -
Accumilated data 0-75W CBH+BGL.xlsm)
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Figure 40. Cellobiose degra~ation t~rough the hy~rolysis of cellobiose by BGI with variable microwave irradiation
Conditions; IOg/l biomass (cellobiose), 50 C, 300rpm aguanon, BGL loading of 168GBU/g cellobiose. Analysis through RI-HPLC with
REZEX ROA as described previously. Data presented as grams per litre by breakdown constituent (cellobiose). (File ref; 2011-07-18-
Accumilated data 0-7SW CBH+BGL.xlsm)
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[VAN] DP3 DP2 Glucose Xylose Yield %
mglml (~l) (~l) (~l) (gil) (~l) saccharification
0 0.015 0.211 0.532 -0.001 0.742 1.320%
0.05 0.251 0.211 0.499 0.003 0.712 1.268%
0.2 0.230 0.256 0.538 0.003 0.797 1.419%
0.4 0.207 0.199 0.502 0.003 0.704 1.252%
0.8 0.015 0.102 0.397 0.003 0.502 0.894%
1.2 0.Ql5 0.152 0.397 -0.001 0.548 0.976%
1.6 0.015 0.244 0.517 -0.001 0.760 1.353%
2 0.015 0.279 0.551 -0.001 0.829 1.475%
2 ([E] neg.
cont.) 0.Ql5 0.000 0.000 -0.001 -0.001 -0.002%
2 ([S] neg.
cont.) 0.015 0.000 0.000 -0.001 -0.001 -0.002%
Mean average 0.015 0.211 0.509 0.001 0.727 0.013
Std Dev 0.112 0.057 0.061 0.002 0.116 0.002
763.10 15.91
% dev % 27.21 % 11.99% 269.32% % 15.91%
I hour
[VAN] DP3 DP2 Glucose Xylose Yield %
mg/ml (~l) (~l) (gil) (gil) (gil) saccharification
0 0.015 0.711 1.000 0.005 1.716 3.055%
0.05 0.157 0.546 0.753 -0.001 1.298 2.311%
0.2 0.303 0.883 1.232 0.006 2.121 3.775%
0.4 0.194 0.729 1.035 0.005 1.769 3.149%
0.8 0.190 0.668 1.061 0.006 1.735 3.088%
1.2 0.197 0.716 1.061 0.005 1.782 3.172%
1.6 0.171 0.603 0.886 0.004 1.493 2.658%
2 0.015 0.884 1.160 0.006 2.050 3.649%
2 ([E] neg.
cont.) 0.015 0.000 0.000 -0.001 -0.001 -0.002%
2 ([S] neg.
cont.) 0.015 0.000 0.000 -0.001 -0.001 -0.002%
Mean average 0.181 0.713 1.048 0.005 1.752 0.031
Std Dev 0.097 0.120 0.150 0.002 0.267 0.005
53.76 15.26
%dev % 16.76% 14.33% 41.23% % 15.26%
4 hours
[VAN] DP3 DP2 Glucose Xylose Yield %
mg/rnl (~l) (~l) (~l) (G!!) (gil) saccharification
0 0.271 0.108 4.293 0.017 4.418 7.864%
0.05 0.421 3.617 0.013 3.630 6.461%
0.2 0.345 0.144 5.940 0.022 6.106 10.868%
0.4 0.244 0.120 4.597 0.017 4.735 8.427%
0.8 0.262 0.102 3.913 0.015 4.029 7.172%
1.2 0.251 0.105 3.989 0.015 4.109 7.315%
1.6 0.295 0.110 4.213 0.016 4.339 7.723%
2 0.308 0.139 5.285 0.021 5.444 9.691%
2 ([E] neg.
cont.) 0.015 0.000 0.000 -0.001 -0.001 -0.002%
2 ([5] neg.
cont.) 0.015 0.000 0.000 -0.001 -0.001 -0.002%
Mean average 0.283 0.110 4.253 0.016 4.379 0.078
Std Dev 0.060 0.017 0.775 0.003 0.811 0.014
21.03 18.53
% dev % 15.37% 18.23% 17.63% % 18.53%
72 hours
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